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1 Introduction 
The development of the first functional laser in 1960[1] made a high intensity light source 
available that enabled the investigation of nonlinear optical effects[2]. Nonlinear, in this 
context, refers to the nonlinear response of the electric polarization density on the 
electromagnetic field of the incident light[3]. Nonlinear optics became a broad research field 
covering a multitude of different phenomena, including parametric frequency conversion, 
optical solitons or Raman scattering, and having strong impact on a similarly broad range of 
applications[4]. The applicability of nonlinear optical effects is particularly relying on the 
choice of suitable materials serving as nonlinear media. Early investigations about the 
nonlinear light matter interactions with different types of crystalline materials revealed that 
LiNbO3 being an artificial crystal is an appropriate choice because it beneficially combines 
many advantageous properties[5]–[9]. LiNbO3 has a strong second order nonlinear 
susceptibility[10], a large transparency range as well as large electro-optic and acousto-optic 
coefficients[11]. The combination of these properties made LiNbO3 an ideal basis for 
nonlinear optical devices and applications in integrated optics[12]. The starting point of this 
development has been the advance in optical communication technologies accompanying the 
development of low-loss optical fibers. The unique electro-optic properties of LiNbO3 were 
used to realize integrated devices for high bandwidth transmission by polarization control and 
amplitude or phase modulation. The strong optical nonlinearity of LiNbO3 enables the mixing 
of optical signals at different frequencies for parametric amplification, second harmonic 
generation (SHG) and frequency conversion[12] in compact waveguide devices. Similarly, 
the generation of entangled photon pairs[13], efficient terahertz generation[14] and surface 
acoustic wave devices[15] have been realized. Well-established diffusion-based integrated 
waveguides in LiNbO3 provide relatively weak confinement for propagating mode fields. 
Consequently, light guiding across an optical chip requires large bending radii of the 
waveguides, and efficient nonlinear frequency conversion requires long propagation lengths. 
The respective devices are typically centimeters long. Following a trend of miniaturization 
similar to electronics, a technological advancement is needed to realize more compact, highly 
efficient optical circuitry based on LiNbO3 and to account for the growing demand for 
microstructured LiNbO3 in modern integrated photonics.  
In contrast to the developments in electronics, where the complementary metal-oxide-
semiconductor (CMOS) technology provides a ubiquitous platform, no material or material 
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system serving all requirements of an ideal integrated photonics platform, including 
wavelength range, efficient light emission and detection, strong electro-optic and nonlinear 
coefficients, ease of fabrication and integration, scalability and reliability has been identified 
yet[16]. Amongst other materials being investigated, especially many semiconductors[17] and 
chalcogenide glasses[18], [19] show strong nonlinear optical responses. But in contrast to 
LiNbO3, these materials have a centrosymmetric crystal structure or are amorphous implying 
that only nonlinear effects of third order can be expected. An important exception is GaAs 
having a large second order nonlinear coefficient[20]. Nonetheless, applications for GaAs 
based devices are limited[21]. Another drawback of most semiconductors is related to their 
optical transparency window which is often significantly smaller than for LiNbO3. 
Furthermore, semiconductors are mostly lacking the capability of LiNbO3 to be tuned by the 
electro-optic effect, hence, limiting their general applicability. On the contrary, when having 
an application in integrated optics in mind, semiconductors may be favored because they are 
compatible with well-established modern microstructure technology. While semiconductor 
patterning is well developed, the unmodified LiNbO3 crystal is chemically very stable which 
makes high aspect ratio structures difficult to realize by means of standard micropatterning 
technologies. Therefore, several techniques have been developed that locally modify the 
LiNbO3 crystal such that the subsequent etching step is enhanced. These modifications can be 
introduced in many ways including domain inversion[22], proton exchange[23], [24] or ion 
beam irradiation[25], [26]. The most promising approach is the ion beam enhanced etching 
(IBEE)[27] process which is of major significance for this work. It is the general aim of this 
work to investigate IBEE processes for micro- and nanostructured optical elements in LiNbO3 
that are based on current microstructure technology and that enable a high integration density 
for future integrated nonlinear optical devices. The scope of this work will be described in 
detail after the following review of the current state of knowledge. 
Nonlinear integrated optical elements 
In order to demonstrate the potential of the IBEE process for the targeted application, two 
very basic types of optical structures will be investigated in this work: waveguides and 
resonators. Both structures, when made out of an optical nonlinear medium, allow for an 
enhancement of the nonlinear interaction of optical fields[28]. In the case of waveguides this 
is achieved by confining an optical mode field during its propagation while phase-matching of 
the interacting mode fields can be mediated by either quasi-phase-matching[29] through 
periodically poled crystal domains[30] or by modal phase-matching[31]. Controlling the field 
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confinement and achieving phase-matching significantly enhances the efficiency of the 
nonlinear interaction in the waveguide. Similarly, a resonator enhances the field confinement 
even further at its resonance frequency. In this way, the resulting field build-up inside the 
resonator contributes to an efficiency enhancement of the nonlinear processes.  
These general concepts found their technological realization as LiNbO3 optical 
microstructures in many different configurations which are reviewed now. The review is 
organized following the respective patterning approaches. In doing so, it needs to be 
distinguished between horizontal patterning, such as planar lithography based approaches 
performed on the LiNbO3 substrate surfaces, and vertical patterning for the creation of 
membranes or thin layers of LiNbO3.  
Membrane type LiNbO3 substrates 
Membrane type LiNbO3 substrates are an important basis for applications in integrated optics 
because they can act as planar waveguides and confine the propagating mode fields close to 
the patterned substrate surfaces. These membranes can be realized in many different ways. 
The most basic approach is to grind and polish a LiNbO3 wafer down to the required 
thickness which is demonstrated in[32] using a piece of periodically poled LiNbO3 being 
attached to another LiNbO3 substrate with an adhesive resin. Similarly, the two LiNbO3 
pieces can also be directly bonded without the need of an adhesive layer. In [33]–[35] it is 
shown how a gold strip is embedded in the surface of one of the LiNbO3 wafers and then 
sandwiched between them after bonding. The top LiNbO3 layer is eventually ground and 
polished down to a thickness of a few micrometers. In order to reduce the roughness and the 
number of defects that are induced by traditional polishing, chemical mechanical 
planarization can be used. It is reported that chemical additives like oxidizers and complexing 
agents can significantly improve the material removal rate and the surface quality[36]. 
Chemical mechanical planarization therefore is an ideal and sensitive process especially to 
finish layers of LiNbO3 that are obtained by more elaborate methods than grinding of a full 
wafer. Such methods, like crystal ion slicing, use the irradiation with helium ions at a high 
dose to create a buried layer of modified material inside the LiNbO3 crystal[37]–[48]. The 
irradiated wafer is then bonded to another substrate followed by either thermally[38], [48] or 
chemically[37], [49], [50] induced exfoliation of the LiNbO3 film[51]. During thermal 
treatment the temperature is slowly elevated causing the implanted helium ions to 
agglomerate and form bubbles that induce mechanical stresses and split off the top LiNbO3 
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layer. During chemical treatment wet etching with HF selectively removes the sacrificial layer 
of irradiated LiNbO3[25]–[27] resulting in the formation of the LiNbO3 film[52].  
The different approaches to realize thin films of LiNbO3 through ion beam irradiation can be 
further distinguished by the method that is used to bond them to the carrier substrate. One way 
is to use the optically transparent adhesive polymer benzocyclobutene[53] that is employed 
for transferring several cm² of LiNbO3 thin films with good reproducibility[54], [55]. Before 
the bonding, the respective substrate can also be coated with a metal layer that can serve as an 
electrode for electro-optic tuning of the fabricated structures, such as microring resonators[54] 
or photonic crystal slabs[56]. A drawback of employing benzocyclobutene as an adhesive is 
that it cannot withstand high temperature annealing which is necessary to remove remaining 
ion beam induced material modifications to recover the optical properties of the LiNbO3 
crystal. SiO2 was found to be a temperature stable and suitable substitute to connect the 
LiNbO3 film with the substrate[48]. The SiO2 layer is deposited on the LiNbO3 substrate by 
plasma-enhanced chemical vapor deposition which allows precise adjustment of the SiO2 
layer’s planar stresses to be matched with the LiNbO3 substrate. In this way, the so-called 
lithium-niobate on insulator (LNOI) substrates can be fabricated on the wafer scale[57]–[59] 
and became commercially available recently from the company NANOLN.  
It is common to the methods described until now that they account for the similar thermal 
expansions of the thin LiNbO3 film, the adhesive layer and the substrate, which is the reason 
why other substrates than LiNbO3 are difficult to implement. A way around this is, for 
example, silver diffusion bonding of a silver coated silicon target substrate and a silver coated 
LiNbO3 thin film carrier substrate[40]. In yet another approach for the realization of LiNbO3 
membranes no layer transfer between substrates is necessary. The monolithic process relies on 
IBEE where small volumes of helium ion beam irradiated LiNbO3 are selectively removed by 
wet etching. In contrast to the previously described processes with the LiNbO3 thin films 
having thicknesses of several micrometer, the irradiation here is carried out at lower ion 
energies and at low temperature (100 K) which avoids the formation of helium bubbles and 
destructive blistering of the sample surfaces[27], [52]. Using this process, ultrathin 
membranes of thicknesses down to 190 nm have been realized[52] without any additional 
polishing. The process was also used for the fabrication of freely suspended photonic crystal 
membranes in LiNbO3[60].  
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It can be summarized that a number of different approaches can enable the fabrication of 
membrane substrates from LiNbO3. A review of several planar patterning technologies that 
are available for laterally structuring these substrates is following.  
Micro patterning of LiNbO3 
An example for large microoptic LiNbO3 structures that are used for the exploitation of 
nonlinear optical effects, such as generation of photon pairs by parametric down conversion, 
are whispering-gallery mode resonators[61], [62]. These resonators are fabricated solely by 
polishing and have radii down to 1 mm and heights of 0.5 mm yielding quality factors larger 
than 107. Another mechanical patterning approach uses circular saw dicing. Shallow trenches 
are cut by the saw blade across the sample surface. The spaces between these trenches form 
high aspect ratio ridge waveguides[63]–[66]. Although the overall quality of the resulting 
structures is very good, dicing is limited to a linear cutting motion. Ultra-precision milling 
processes[67] do not have this restriction and have been successfully applied to realize bent 
ridge waveguides in LiNbO3[68]. While the ridge confines the light in the horizontal direction 
in the given examples, the confinement in the vertical is done by either a membrane substrate 
or a diffusion waveguide. Besides the mechanical patterning, laser ablation also is a suitable 
tool for machining LiNbO3 on the micrometer scale. The focused lasers employed for the 
patterning can be adjusted to structure the sample surfaces, e.g. with trenches[69], hexagonal 
hole patterns[70] or microdisk resonators[71], as well as to structure the full sample volume 
three-dimensionally, e.g. with waveguides[72] or more complex periodic patterns[73].  
Diffusion waveguides in LiNbO3 
Since waveguides are an essential element of nonlinear integrated optics, considerable effort 
was put in the development of low-loss waveguides in LiNbO3. The most established 
techniques use diffusion of titanium[74], [75] or proton exchange[76] resulting in micrometer 
sized diffusion zones with elevated refractive index that support optical mode fields with 
dimensions of several micrometer in diameter. Alternative approaches yielding similar kinds 
of buried waveguides include a broad range of laser[77] and ion beam irradiation[78] 
mediated process. Although these techniques are reliable and well-developed, the dimensions 
of the waveguiding structures are too large for a high integration density. Nonetheless, they 
are frequently used as planar waveguides in combination with many types of surface patterns, 
like ridge waveguides[65] or photonic crystals[79], when membrane substrates are not 
available. 
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Domain engineering of LiNbO3 
In order to facilitate efficient nonlinear optical interactions in LiNbO3, the interacting waves 
need to maintain a certain phase relationship. This phase-matching can be achieved through 
domain engineering of the LiNbO3 crystal by electric field poling [80]. The polarization of the 
LiNbO3 crystal along its z-axis is spatially modulated to achieve quasi-phase-matching 
through periodic arrangement of the respective domains[81], even complex two-dimensional 
patterns can be used[82]. Poling of LiNbO3 is a sophisticated technique that has been studied 
extensively and is used for many applications which are to wide-ranging to be elaborated on 
here. The periods of the resulting poling patterns are typically in the order of tens of 
micrometers for light in the near-infrared wavelengths range. Engineering domains that are 
significantly smaller may be achieved by intentional overpoling[83] which is generally 
challenging. Besides electric field poling, other mechanisms can be employed for domain 
engineering with sub-micrometer feature sizes. These mechanisms include domain inversion 
induced by energetic electron[84]–[90] or ion[91] beams, calligraphic poling by scanning 
force microscope[92], domain engineering by ultraviolet direct write metal enhanced 
redox[93] or by irradiation of a patterned chromium film with intense visible laser light[94]. 
In contrast to the classical electric field poling, these techniques mostly do not allow the 
domain inversion through the full wafer and are restricted to the sample surface. Nonetheless, 
especially when using LiNbO3 membrane substrates, where the functional LiNbO3 layer has a 
thickness of less than a micrometer, this restriction is not prohibitive.  
Wet etching of locally modified LiNbO3 
The latter two processes for diffusion waveguides and domain engineering do not intrinsically 
change the surface topography in a way that would be useful for microstructure technology. 
However, they introduce a modification into the crystal making it vulnerable to selective wet 
etching. In this way, ridge waveguides have been realized using adapted titanium 
indiffusion[95], [96] or proton exchange[23], [24], [97]–[99] processes. Also poled LiNbO3 
can be patterned similarly because the etch rates of positive and negative domain faces along 
the crystal z-axis are slightly different. Using this etch rate difference, any poling pattern can 
be transferred into the substrate surface. This was demonstrated down to sub-micrometer 
patterns[94] with their depth being limited by the depth of the domain .  
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Focused ion beam milling of LiNbO3 nanostructures 
Aside from these indirect approaches, the LiNbO3 surface can be patterned using lithography 
based techniques, too. A large class of structures are directly patterned using focused ion 
beam (FIB) milling. This kind of patterning is especially interesting for research purposes 
where the focus is on single structures and where short processing times are required. An 
example for larger micrometer size patterns are microchannels patterned in LiNbO3[100]. On 
a similar length scale, FIB can be used to polish microdisk resonators cut in LNOI substrates 
by laser writing[71]. Besides these examples, FIB is mostly used for the patterning of various 
types of photonic crystals in LiNbO3. This includes plain hexagonal photonic crystals in 
erbium doped LiNbO3 for investigating the Purcell effect[101], as well as, in undoped LiNbO3 
for performing optical transmission[56] and scanning near-field optical microscope (SNOM) 
experiments[102]. In most cases, annealed proton exchanged (APE) waveguides are used as a 
substrate for the patterning of photonic crystals[103] and photonic crystal waveguides[104]. 
Additionally, the properties of photonic crystal structures can be combined with the material 
properties of LiNbO3. In this way, photonic crystal superprisms are realized and characterized 
using SNOM[105] which can be tuned electro-optically[79]. The electro-optic effect generally 
can be used to tune the photonic crystal bandgap[106] while also making use of slow light 
enhancement[107], [108]. Similarly, one-dimensional photonic crystals are fabricated in ridge 
waveguides that are made from planar diffusion waveguides[109] or ion-sliced LiNbO3 
films[110], these structures are operated as electro-optic tunable optical filters with slow light 
enhancement. Furthermore, Fabry-Perot type photonic crystal cavities patterned in diffusion 
waveguides can be built[111] with the addition of electro-optic tuning[112]. Using the pyro-
electric effect, temperature sensors can be fabricated from a photonic crystal cavity[113]. In 
the same way, acusto-optically tunable photonic crystals[114] are possible as well. A slightly 
different configuration is not relying on diffusion waveguides. Instead, ion beam irradiation 
and subsequent etching are used to fabricate a LiNbO3 slab of several micrometer thickness 
that acts as a planar waveguide. The resulting LiNbO3 layer can be patterned by FIB[115]. 
Also using ion beam irradiation with helium ions, the refractive index of LiNbO3 can be 
modified to form buried channel waveguides which can be patterned by FIB at the 
surface[116]. Yet another configuration uses diced ridge waveguides and FIB milling to 
pattern photonic crystals on the side walls of the waveguide[117]. Generally, it can be stated 
that FIB is a versatile tool and allows for the realization of a broad range of devices. 
Nonetheless, the FIB process is limited mainly by redeposition of sputtered material at the 
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patterned surfaces causing non-perpendicular sidewalls and affecting the optical properties. In 
the case of FIB patterned hole patterns, such as photonic crystals, conicity and depth effects 
have significant influence on the transmission properties[118], [119]. Investigating the shape 
of the holes cut by FIB in LiNbO3[120] and possible improvements for the realization of high 
aspect ratio structures[121] therefore is of considerable significance.  
Dry etching of lithographically patterned LiNbO3 
Although FIB is generally suitable for the fabrication of high quality photonic structures, its 
applicability for large area patterning is intrinsically limited. Such large area patterns include 
long ridge or photonic crystal waveguides and other integrated optical components. The more 
suitable approach to realize these structures in LiNbO3 is based on optical or electron beam 
lithography combined with standard dry etching techniques like ion beam etching, reactive 
ion etching[122]–[125] or inductively coupled plasma reactive ion etching[126]–[128]. Along 
with studying the general etching behavior, several optical structures were realized. Especially 
important for integrated optics are basic components like ridge waveguides which can be 
fabricated by either ion beam etching or reactive ion etching in bulk LiNbO3 [39], [129]–
[132] as well as in LNOI substrates[57]–[59], [133]. Also, more advanced structures such as 
surface plasmon-polariton waveguides[34] or plasmonic silver-LiNbO3 coaxial nano-
structures[134]–[136] are possible. Further examples for purely dielectric LiNbO3 patterns 
include Bragg grating waveguides[137], photonic crystals[138], [139] and microring 
resonators[140]. The interest in patterning LiNbO3 on the sub-micrometer scale on large areas 
is growing, especially along with the convenient LNOI substrates becoming commercially 
available. Nonetheless, a major disadvantage of dry etching LiNbO3 is that the resulting 
sidewalls are strongly inclined and not vertical. Patterns with high aspect ratio elements like 
densely spaced holes or waveguide ridges cannot be realized. This general limitation can be 
accounted for by introducing it into the devices design[141].  
Ion beam enhanced etching of LiNbO3 
Another lithography based approach that results in perpendicular sidewalls relies on ion beam 
irradiation and subsequent wet etching[25], [26]. The irradiation is done through a patterned 
mask and designed to modify the crystal from the surface down to the designed depth. The 
interaction of ion beam irradiation with LiNbO3 crystals is experimentally studied 
extensively[26], [27], [46], [78], [142]–[158]. In contrast to the bulk crystal, irradiated 
LiNbO3 has a significantly higher etch rate in HF based etchants. The defect formation and 
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the etching behavior are well understood. Transferring these findings into patterning 
functional LiNbO3 devices results in ridge waveguides[159], freestanding photonic crystal 
membranes[60], microdisk resonators[160] and gold-LiNbO3 coaxial nanostructures[161]. 
LiNbO3 deposition and growth processes 
Besides the deterministic approaches for patterning LiNbO3 micro- and nanostructures that 
have been reviewed up to here also a number of deposition and growth processes have been 
reported. These processes are outside the scope of this work and will be mentioned only 
briefly. In contrast to splitting or polishing single crystal wafers, LiNbO3 thin films can be 
fabricated also by means of common deposition techniques including pulsed laser 
deposition[102], [162], [163], metalorganic chemical vapor deposition[164], liquid phase 
epitaxy[165], [166] and sputtering[167]. The resulting films are patterned for waveguiding, 
photonic crystal and surface acoustic wave applications. Nonetheless, in comparison to the 
established single crystal thin films, the overall optical quality and especially the crystallinity 
of the deposited films seemed to be not sufficient. Another well-developed approach for the 
fabrication of single crystal structures is the chemical synthesis of LiNbO3 nanoparticles with 
cross sections of several tens of nanometers and lengths of a few micrometers[168]–[170]. 
Because their chemical synthesis is an entirely stochastic non-deterministic process, it is not 
relevant for the kind of patterning which is the focus of this work. 
Aim and structure of this thesis 
Upon reviewing the current state of knowledge for patterning micro- and nanostructured 
LiNbO3 optical elements, it can be concluded that a broad range of techniques is available. It 
is the general aim of this work to realize nonlinear interactions in LiNbO3 on the micrometer 
scale. The efficiency of these interaction processes can be significantly enhanced by a 
confinement of the optical fields to waveguide or resonator modes. The designed 
functionalities of the respective optical elements depend strongly on the specific sample 
layout and can be implemented only with a sophisticated microstructure technology. This 
work, therefore, needs to contribute to the advancement and development of existing 
patterning approaches and their application to the realization of microstructured waveguides 
and resonators with nonlinear optical functionalities. While IBEE has been extensively 
studied before with the focus mainly on the material modification processes[27], in this work 
the full potential of IBEE is explored by applying it to the realization of advanced optical 
structures such as photonic crystals. At the same time, this work also accounts for the recently 
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established LNOI substrates by investigating a modified IBEE process which is based on 
KOH instead of HF. In this regard, the etching behavior of ion beam irradiated LiNbO3 in 
different hydroxide solutions (KOH, NaOH, CsOH, and RbOH) is studied for a broad range 
of experimental conditions. Substituting HF by KOH makes LNOI substrates fully compatible 
with IBEE because KOH does not etch the SiO2 layer sandwiched between the top LiNbO3 
layer and the LiNbO3 substrate. In contrast to other patterning approaches, IBEE can be used 
to etch large area patterns into the LiNbO3 surface with high aspect ratio because of the 
characteristically perpendicular side walls. Contrary to the commonly used FIB direct 
patterning of photonic structures which is restricted to small areas, in this work IBEE is used 
in combination with electron beam lithography for large area patterning. In particular, it is 
used for the realization of nanoscale ridge waveguides and photonic crystal waveguides that 
are sufficiently long for the observation of propagation effects with a SNOM. Aside from the 
advantageous properties of IBEE based patterning, the use of FIB for rapid prototyping of 
single structures is necessary for research purposes. In this work, FIB is used for the 
patterning of thin LiNbO3 membranes produced by either IBEE or obtained from LNOI. The 
formation of the membranes including their underetching and height adjustment by additional 
planar dry etching is studied. The impact of gallium ion contaminations from the FIB milling, 
which remain in the substrate and impair the dimensional accuracy of the process, is 
investigated. It is further studied how this effect needs to be considered to avoid potentially 
detrimental effects on the crystals’ optical properties. In this work, FIB patterning is 
eventually used for the fabrication of microdisk resonators and photonic crystal resonators. 
Their linear and nonlinear optical characterization is presented, particularly the resonantly 
enhanced SHG from a photonic crystal resonator specifically designed for enhanced vertical 
emission. Particularly the nonlinear characterization of nanoscale waveguides and resonators 
is enabled only by the investigation of sophisticated patterning technologies.  
The results presented in this thesis are part of a number of collaborations between different 
individuals. The respective contributions include technological, experimental and theoretical 
input and will be outlined in the following. At first I will address the broad field of 
microstructure technology. The sample fabrication relies on facilities that are jointly operated 
and used by the Institute of Applied Physics (IAP) of the Friedrich-Schiller-Universität Jena, 
the Fraunhofer Institute of Applied Optics and Precision Engineering (IOF) Jena and the 
Leibnitz Institute of Photonic Technology (IPHT) Jena. Every sample reported in this thesis 
was fabricated either directly by myself or by technicians of the IAP under my close 
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supervision. Processes carried out by technicians have been pre-defined by myself. The 
distribution of basic tasks to technicians guaranteed constant quality and optimum handling 
times throughout the entire sample fabrication. Further technical support was needed for 
chemical vapor phase deposition (Andreas Ihring, IPHT) and ion beam irradiation (Patrick 
Hoffmann, Institute of Solid State Physics, Friedrich-Schiller-Universität Jena). Experiments 
about hydroxide based IBEE have been carried out by Juliane Brandt under my supervision as 
part of her Bachelor thesis. I was directly involved in the optical characterization experiments 
of the fabricated samples. The experiments have been done at setups that were in some 
instances preexisting at the IAP. The setup for measuring the linear and nonlinear optical 
properties of nanoscale waveguides was initiated by Rachel Grange and Anton Sergeyev 
(both ETH Zürich). Another more advanced setup used for the same purpose is operated by 
Sina Saravi. For the characterization of the LiNbO3 microdisk and photonic crystal waveguide 
resonators the setup from Carsten Schmidt was used, including contributions from Wei-Kun 
Chang (NCU Jhongli, Taiwan) and Arstan Bisianov. SNOM measurements were carried out 
by Severine Diziain. A setup for cross-polarized scattering microscopy and SHG detection 
was developed, built and used together with Severine Diziain. The theoretical work for this 
thesis was mostly done by collaborators. I was involved by evaluating and defining general 
conditions for the feasibility of fabrication and optical characterization of the designed 
structures. The photonic crystals were designed by Rumen Iliew (Institute of Condensed 
Matter Theory and Solid State Optics (IFTO), Friedrich-Schiller-Universität Jena), Christoph 
Etrich (IFTO) and Severine Diziain. Numerical studies of LiNbO3 nanoscale waveguides 
were initiated by Alexander Solntsev (Australian National University, Canberra) and 
advanced by Anton Sergeyev and Sina Saravi. Numerical studies of microdisk resonators 
were initiated by Carsten Schmidt and continued by Severine Diziain. A simulation tool for 
the IBEE process was initiated by Holger Hartung and further advanced by myself. 
Being partner of various collaborations, I contributed to many projects myself mostly through 
sample fabrication. These projects include investigations about fluorescence excitation of 
dyes through LiNbO3 nanowires under the supervision of Rachel Grange and mode analysis 
of photonic crystal L3 resonators under the supervision of Severine Diziain. I further 
contributed to projects about domain engineered LiNbO3 waveguide devices for nonlinear 
frequency conversion with Yen-Hung Chen (NCU Jhongli, Taiwan). For this collaboration I 
fabricated and optically characterized small-period Bragg gratings on waveguides. Also, I 
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designed and simulated optical parametric oscillators composed from periodically poled 
LiNbO3 with electro-optic polarization-mode converters.   
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2 Fundamental concepts and methods 
2.1 Properties of lithium niobate 
Lithium niobate (LiNbO3) is the substrate material for various optical components that have 
been realized as a result of this work. This section therefore provides a brief introduction to 
the material properties of LiNbO3 especially in consideration of LiNbO3 being an optical 
material. LiNbO3 is one of the most commonly used crystalline materials with many 
applications in integrated and nonlinear optics. It is an artificial material that is fabricated 
using the Czochralski process where a LiNbO3 seed crystal is pulled out of a melt composed 
from lithium oxide and niobium pentoxide[5], [7]–[9], [171]. The crystal growth process is 
technologically well established. Single crystal wafers of up to six inches in diameter are 
commercially available. Depending on the ratio of both starting materials, the resulting 
LiNbO3 is either congruent (ratio Li/Nb 0.96 ) or stoichiometric (ratio Li/Nb 1 ). Both 
compositions have just slightly different optical properties. Throughout this work, congruent 
LiNbO3 is used exclusively. LiNbO3 consists of a trigonal crystal lattice without inversion 
symmetry. In the crystal structure, the position of lithium and niobium ions is along the polar 
c-axis between layers of oxygen ions. Because of their centrosymmetric alignment, a 
displacement of lithium and niobium ions is possible only along the c-axis. The direction of 
the displacement defines the orientation of the spontaneous polarization. As a result, only 
antiparallel domains along the c-axis can be obtained in LiNbO3. LiNbO3 strongly displays 
various effects associated with its crystal structure, like the electro-optic effect, pyro-
electricity, piezo-electricity and second-order optical nonlinearity[172]. The crystal structure 
leads to a noticeable anisotropy of these effects. Hence, LiNbO3 also has a negative uniaxial 
birefringence with refractive indices of no=2.21 and ne=2.14 in the near-infrared wavelength 
range. Compared to most semiconductor materials LiNbO3 benefits from a large transparency 
range (350.. 5200 nm). All of these properties combined in a single material along with well-
established patterning technologies make LiNbO3 an important substrate for functional optical 
devices. The patterning technologies have been outlined in the introduction before and include 
methods for the realization of low-loss waveguides and gratings of crystal domains with 
alternated polarity. 
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2.2 Electromagnetic wave propagation 
2.2.1 Basic concepts of nonlinear optics 
The aim of this section is the derivation of an equation that relates the efficiency of generated 
second harmonic in a nonlinear medium to experimental conditions and material parameters. 
It is outside the scope of this section to provide a comprehensive insight in the broad field of 
nonlinear optics. During the following concise derivation some of the major concepts being 
important for general design guidelines and optical characterization of the tested structures 
will be introduced. 
The propagation of electromagnetic waves can be fully described by the Maxwell 
equations[173]. Assuming the material is non-magnetic and external charges are absent, the 
Maxwell equations in frequency space can be simplified to the form 
 
0
0
0
rot ( , ) µ ( , ),
rot ( , ) ( , ) ( , ),
div ( , ) div ( , ),
div ( , ) 0.
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 (1) 
( , )E r  is the electric field vector, ( , )H r  the magnetic field vector, ( , )P r  the polarization 
vector, 0 the dielectric constant for vacuum, 0µ  the magnetic permeability of vacuum, r the 
spatial coordinate vector, ω the angular frequency of the field.  
Taking the curl of the first equation in (1) and inserting the second equation, the wave 
equation can be derived as 
 2 20 0 0rot rot ( , ) ( , ) ( , )        E r E r P r
   . (2) 
The response of a dielectric material to an electric field ( , )E r  is described by the 
polarization ( , )P r , which can be expanded in a series of ascending powers of the electric 
field[174] 
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The components of ( ) ( , )n P r are expressed as 
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with a summation of all 1... n   over x, y and z[174]. The frequencies of the interacting 
electric fields need to fulfill 
2 Fundamental concepts and methods 17 
 
  
1
n
j
j


       
in order to comply with the requirement of energy conservation.   is the frequency of a 
polarization field induced by the interaction of the individual electric field components. This 
interaction between the material and the electric fields is described by the materials nth-order 
susceptibility tensor 
1
( )
... 1( , ; ,.., )n
n
i n    r which accounts for different optical effects. The 
effects of linear optics are described through  1linear 0( , ) ( , ; ) ( , )     P r r E r
  , where the 
first-order, linear susceptibility is related to the more commonly used dielectric function 
through  1( , ) 1 ( , ; )    r r  . Amongst the various higher order effects, only effects of 
second order are relevant for this work. Particularly interesting is the generation of a second 
harmonic (SH) frequency SH from a fundamental harmonic (FH) field with frequency 
1
FH SH2   . The 
 2 tensor in (3) describes the interaction of three electric field components. 
In the case of degenerate SHG, two of these components belong to the same field. The 
description of the induced polarization  2nonlinear 20~ P E
   is further simplified by assuming 
that the nonlinear medium is nondispersive, homogenous and isotropic. Furthermore, linearly 
polarized optical fields are assumed such that the tensor nature of  2 can be omitted and is 
replaced by the quantity (2)1
2d   . The complete optical field can be expressed as a 
superposition of SH and FH plane waves  
  
SH,FH
1
( , ) ( ) exp( ω ) c.c.
2
m m m
m
E z t E z i t ik z

    (4) 
propagating in z direction with field amplitudes SH,FH ( )E z . Assuming slowly varying 
envelopes[174] 
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   (5) 
and using the wave equation (2) with (4), the following set of coupled wave equations can be 
derived 
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  (6) 
This set of equations shows how the electric fields for FH and SH are coupled through the 
nonlinear polarization represented by the nonlinearity d. It will be used to discuss the basic 
properties of SH generation. A further simplification is introduced by assuming that the 
medium is lossless and that the conversion efficiency of the SHG is rather weak, which is 
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valid throughout this work. It allows the assumption FH / 0dE dz   implying that the power of 
the FH field does not change significantly by either linear losses or conversion to the SH field. 
Integration of equations (6) then results in an SH amplitude at the output of the nonlinear 
medium assuming SH ( 0) 0E z    
 20SH FH FH SH FH
μ exp( ) 1
( ) ω 2 ( ) with 2 .
ε
i kL
E z L i d E L k k k
i k
 
     

  (7) 
In order to derive an expression for the SH conversion efficiency, the SH intensity at z L  is 
used 
 *SH SH SH
0
1 ε
( ) ( ).
area 2 μ
P
E L E L   (8) 
The SH conversion efficiency can now be written as 
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  (9) 
In the following, this expression will be used to discuss concepts that increase the efficiency 
of SHG. This discussion assumes that the nonlinear medium is always the same, i.e. LiNbO3, 
and that the material coefficients are fixed. 
A tuning parameter that is easily accessible in the experiment is the FH power FHP  at the 
input of the nonlinear medium. The FH power is initially limited by the laser system used in 
the experiment. One way to increase it further is using the field enhancement in any kind of 
resonator. In such systems the intracavity power can be much larger than the initial input 
power. Therefore, the efficiency of nonlinear frequency conversion processes taking place in 
nonlinear media that are located inside a resonator can be greatly enhanced. Following this 
concept, microstructured resonators in different configurations have been realized in LiNbO3 
which will be discussed in chapter 5. Another tuning parameter is the interaction length L  
that should be as large as possible. It is usually limited by the size of the nonlinear crystal or 
by the design of the optical element. From this point of view resonators are again beneficial 
because the numerous roundtrips taken inside a cavity effectively extend the interaction 
length and increase the power stored in the cavity. According to (9) it can further be 
concluded that the area illuminated by the FH input should be small for maximized 
conversion efficiency. A very important implementation of this requirement are waveguides. 
They confine light over long distances while maintaining a small cross sectional area. 
Especially the realization of nanoscale waveguides in LiNbO3 represents a key result of this 
work and will be explained in chapter 4.  
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Returning again to (9) one more prerequisite for high efficiency SHG, being 0k  , can be 
identified. It implies that SH waves generated at different positions along their propagating 
through the nonlinear medium must be in phase. If 0k   the SH waves are out of phase 
because they are emanating from different spatial positions. The resulting interference is 
accounted for by the sinc² function in (9). This factor is used to define the so-called coherence 
length 2cL k   representing a measure of the maximum length in which SH can be 
efficiently generated. To fulfill the phase-matching condition 0k  , a number of 
mechanisms exist including birefringence, modal phase-matching and quasi-phase-matching. 
For this work, just the latter two are important.  
2.2.2 Waveguides and modal phase-matching 
Electromagnetic waves can be guided in any transparent medium when the interfaces of the 
medium transverse to the propagation direction are reflective. To provide long propagation 
distances of the guided light, this reflectivity should be maximal, which is typically realized 
by total internal reflection. A waveguide can be any arrangement of dielectric media that is 
guiding along z because of its specific refractive index distribution ( , )n x y . The guided light 
is characterized by its field distribution in the cross-sectional area of the waveguide 
propagating along the waveguide 0( , , ) ( , ) exp( (β ω ,x y z x y i z t  E E  where β  is the 
propagation constant[28]. The modal field distributions and their respective propagation 
constants are obtained mostly numerically from ( , )n x y . Usually, small cross-sectional areas 
of a waveguide result in a strong confinement and, hence, higher field intensity of the 
respective mode that can be used to increase the efficiency of the SHG. For high nonlinear 
efficiencies the cross-sectional area should ideally be in the order of the wavelength of the 
light that is guided. If it is smaller and assuming a low-refractive index cladding, the field 
would be localized mostly outside the waveguide, where it does not contribute to the SHG. In 
waveguides with sufficiently small cross-sections modal phase-matching can be accomplished 
by taking advantage of the modal dispersion of the waveguide modes[31], [175]. In the case 
of SHG in LiNbO3 the refractive index increases when doubling the frequency. This is why 
the effective indices of the fundamental waveguide modes of SH and FH are always different, 
hence, not phase-matched. Modal phase-matching is therefore realized with the lowest order 
waveguide mode of the FH and a higher order waveguide mode of the SH. Furthermore, it 
must be ensured that the interacting modes have a matching symmetry, otherwise the overlap 
between FH and SH vanishes. In contrast to other phase-matching techniques used for 
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waveguides, this approach is fairly simple to realize technologically and, additionally, is very 
suitable for monolithic integration schemes. On the other hand, the SH conversion efficiency 
might be affected because of the small overlap of the interacting modes as well as the larger 
propagation losses of the higher order modes[176].  
2.2.3 Optical resonators – figures of merit 
An optical resonator is a device that is characterized by a resonance frequency for 
electromagnetic waves where it oscillates with larger amplitude than at other frequencies. The 
quality factor ω Q W P  of a resonator is a measure to quantify the ratio of the energy W 
inside the cavity to the power P dissipated by the resonator at a resonance frequency ω . The 
Q factor can also be understood as a measure for the photon lifetime τ  inside the resonator 
and can be written as 
 
ω λ
ωτ= = ,
Δω Δλ
Q    (10) 
where ω and λ  are the resonance frequency and wavelength divided by their respective 
resonance widths[28]. A typical Q factor for photonic crystal resonators fabricated in 
semiconductors with high refractive index can be as high as 107 for a silicon heterostructure 
nanocavity[177]. In order to confine light and use resonant structures for the enhancement of 
nonlinear interaction processes, high Q factors are usually wanted. At the same time a 
compromise has to be made because high quality factor also means long photon lifetime and, 
hence, limited bandwidths in case of pulsed beam interaction. In the case of SHG in a 
resonant structure, the interacting fields at frequencies FHω  and SH FHω =2ω  will be enhanced 
proportional to the Q factors at their respective frequencies. In the case of perfectly 
overlapping spatial mode profiles the enhancement factor amounts to 2FH SHQ Q .  
2.2.4 Photonic band gap structures 
In the past decades a remarkable technological development of the facilities for 
semiconductor micro and nanofabrication took place. A similar trend of miniaturization based 
on these well-established tools is anticipated for the field of integrated optics. Functional 
macroscopic optical elements could be transformed into highly integrated on-chip devices. A 
well-known platform for the implementation of the intended high integration densities are 
planar photonic crystals that will be the focus of this section. 
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Photonic crystals are dielectric structures composed from a periodic arrangement of materials 
with different refractive indices that can be designed to modify the propagation of 
electromagnetic waves in many ways[178]. Considering a structure that is periodic in one 
dimension, a propagating electromagnetic wave will be partially reflected and transmitted at 
each interface. The phases of the interacting waves originating from the successive surfaces 
interfere and eventually determine the response of the full structure. Using the Floquet-Bloch 
analysis it can be proved that waves can propagate through periodic media without effective 
scattering. The formalism can be applied to conveniently rewrite Maxwells equations as an 
eigenproblem [179] 
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The dielectric function representing the photonic crystal ε ) ε )   r r R  is assumed to be 
periodic for certain lattice vectors R . According to the Floquet-Bloch approach, periodic 
eigenproblems such as (11) have solutions of the form ,( ) exp( ) ( )ni  kH r k r H r  with 
eigenvalues ω ( )n k  and with , ( )n kH r  being a periodic envelope function. Consequently, (11) 
can be rewritten as 
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Because the primitive cell is finite for periodic structures, n discrete eigenvalues ω ( )n k being 
continuous functions of k exist that are forming discrete bands in the dispersion plot. This 
plot, also known as band diagram, includes all possible modes inside the periodic structure. 
Of practical importance are photonic crystal structures that exhibit a complete photonic band 
gap, meaning a frequency range where no propagating modes exist for any k with adjacent 
propagating modes existing below and above the gap. Rigorous criteria for the existence of a 
band gap in structures that are periodic in two or three dimensions have not yet been 
identified. Computational treatment of these structures is therefore inevitable and usually the 
basis of any experimental investigation of photonic crystals.  
Exclusively relevant for this work are two-dimensional periodic patterns. Amongst the many 
kinds of possible arrangements very commonly used is the hexagonal hole lattice[178]. 
Depending on the refractive index difference and the ratio of hole diameter and period of the 
hexagonal lattice it is possible to design a structure that has a complete photonic band gap for 
transverse electric (TE) and transverse magnetic (TM) polarization. In order to realize 
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efficient interaction of incident light and this planar photonic crystal structure, the light needs 
to be guided in this plane. This is accomplished by introducing a slab waveguide where the 
slab containing the photonic crystal has a larger refractive index than the adjacent layers. By 
introducing the slab, just the in-plane wave vector || ( , )x yk kk remains a conserved quantity 
whereas zk being the vertical wave vector is not conserved. Plotting the projected band 
diagram ω  versus ||k the continuous light line ||ω c k  can be identified. In the picture of 
geometrical optics, wave vectors with frequencies above the light line correspond to incidence 
angles that are too large to allow for guiding by total internal reflection. The respective modes 
couple to radiative modes in the substrate which leads to increased losses. Our investigations 
focus on LiNbO3 being a substrate material with relatively low refractive index. A slab 
consisting of LiNbO3 deposited on a silica cladding or made by standard LiNbO3 waveguide 
technologies will suffer from weak confinement because of the small refractive index 
difference. The resulting modal fields will consequently extend into the substrate causing 
radiative losses[180]. The weak confinement also pulls the photonic bands towards and above 
the light line that represents the limiting condition for waveguiding in the slab. The objective 
of this work therefore is to maximize the refractive index difference between the slab and the 
surrounding material by suspending the photonic crystal slab in air.  
In order to confine light not just vertically by the slab but also horizontally, the planar 
hexagonal photonic crystal structure cannot be used unperturbed. Instead, defects need to be 
introduced for example by omitting a single hole in the lattice. These defects give rise to 
modes with frequencies situated in the photonic band gap of the unperturbed lattice[178]. 
Modes of this kind cannot propagate through the lattice and are reflected. Therefore, such 
point defects form optical resonators for frequencies inside the photonic band gap. The 
continuation of introducing defects yields structures with entire rows of holes being omitted. 
The resulting photonic crystal waveguide confines light horizontally through the photonic 
band gap and vertically through total internal reflection in the slab. This concept has been 
used for LiNbO3 photonic crystals and realizations in LiNbO3 will be presented later in this 
work. 
As already indicated above, numerical modelling plays a major role in photonic crystal 
research. It is used to design large varieties of photonic crystal structures that confine, guide 
and manipulate light in many ways. Using the appropriate fabrication technology offers 
almost endless possibilities to ultimately realize the resulting structures for experimental 
characterization. Hence, there is a large freedom in the design process. The design is usually 
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obtained from a computational treatment of the system. From the broad field of computational 
photonics several numerical methods are known that allow for quantitative theoretical 
predictions of the final photonic crystal’s optical properties. Relevant for this work is the 
finite-difference time-domain (FDTD) method to simulate the full time-dependent Maxwell 
equations[181]. It discretizes space and time into a grid of points with the partial derivatives 
being approximated by finite differences. The resulting equations are calculated in every point 
on the grid from the respective preceding point in time. In this way, the spatial and temporal 
evolution of all components of electric and magnetic fields can be evaluated.  
2.3 Fabrication of micro and nanostructured lithium niobate 
This section briefly introduces commonly used micro and nanostructure technologies that are 
relevant for this work or might become relevant when discussing future developments. The 
following summary is restricted to planar deterministic approaches representing mostly state 
of the art technologies used in the modern semiconductor industry. This intentionally 
incomplete overview can be supplemented by further literature giving a comprehensive 
overview about micro and nanostructure fabrication technologies. 
2.3.1 Lithography 
In general, lithography is a printing technique for pattern generation into or onto a medium 
which must be sensitive to the respective interaction mechanism. In terms of microstructure 
technology, these mechanisms are distinguished by their physical origin in photon-, electron- 
and ion beam mediated lithography. The medium usually used for recording is mostly a 
polymeric resist that changes its chemical properties after irradiation with any of these beams 
and, as a consequence, can be dissolved in a developer solution subsequently. Such a behavior 
is characteristic for positive resists. Negative resists behaving in the opposite way are also 
frequently used.  
Electron beam lithography 
Electron beam lithography (EBL) uses a beam of electrons that is scanned across a resist 
coated surface. Being a maskless process the respective pattern is directly written with the 
scanning electron beam[182]. Depending on the shape of the beam cross-section, EBL can be 
categorized into systems using a fixed-shape beam (mostly Gaussian) or a variable-shape 
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beam defined by an aperture that can take almost any form[183]. Maybe the most important 
characteristic of EBL is the nanoscale resolution[184], which along with the serial direct 
writing scheme may also become a restriction by limiting the size of patterned areas. EBL 
therefore is no means to facilitate mass production of patterned surfaces. Instead, it is 
advantageously used for prototyping of designs or mask preparation for pattern replication via 
optical lithography. In the research of micro and nanostructured optics, EBL is routinely used 
because it offers the largest flexibility of the patterning. 
Optical lithography 
Optical lithography (OL) uses light to replicate micro and nanoscale patterns from a 
photomask to a photosensitive resist[185]. The wavelengths used for exposure in combination 
with the respective optical projection system determines the resolution of OL. For example, 
using extreme ultraviolet light sources, the resolution can be well below 100 nm[186]. In the 
context of microoptic research, OL is commonly used for recurring patterning tasks on the 
micrometer scale. This is because of the relatively low resolution and because any pattern 
requires a specific photomask making the process slow and inflexible, at first.  
Ion beam lithography 
Ion beam lithography is a general term describing the direct patterning of a surface by means 
of charged and energized particles similar to EBL[187], [188]. Most commonly, a focused ion 
beam (FIB) of gallium ions is used to locally remove material. Throughout this work, the term 
FIB always refers to a gallium ion device. The etching process is based on the physical 
interaction of the accelerated chemically inert gallium ions and the substrate. Therefore, the 
substrate can be composed from any kind of solid material. It is directly patterned with a 
resolution of down to 10 nm and does not need an additional development step[189]. The 
areas that can be structured by FIB are in the order of 100 × 100 µm², which is relatively 
small and not compatible with mass-production. FIB patterning is, on the other hand, ideally 
suited for research purposes, where the focus is often just on single structures or design ideas 
that greatly benefit from fast turn-around times of the samples. On the contrary, FIB 
patterning of optical structures such as photonic crystals in dielectric substrates or plasmonic 
structures in metal films might decrease their functionality because of the inevitable 
deposition of gallium ions in the patterned surfaces[190]. This problem can be reduced by an 
alternative technological approach that uses helium ions instead of gallium, which increases 
the resolution below 1 nm but decreases the sputtering yield by around two orders of 
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magnitude compared to FIB[191]. Helium ion microscopes (HIM) are nonetheless used for 
direct write lithography [192] and, more successfully, for resist based lithography in hydrogen 
silsesquioxane[193] that outperforms EBL in terms of resolution and proximity-effect.  
2.3.2 Thin film deposition 
Thin film deposition in this work is mainly used to prepare resist layers for lithography or for 
layers used as hard masks to pattern the underlying LiNbO3 substrate. The thin films represent 
an important intermediate step in the respective process chains. However, their deposition is 
done by means of certain well-established standard technologies which shall justify the brief 
nature of the following explanations and the exclusion of methods irrelevant for this work.  
In general terms, the deposition of a thin film can originate from a liquid or gaseous phase. A 
liquid phase deposition method, that is relevant here, is spin coating where a small amount of 
liquid is dropped on a rotating substrate. The resulting uniformly thick layer is subsequently 
treated to harden forming a solid film. In the case of spin coating of resist for lithography 
applications this treatment would be a baking step.  
Gas phase deposition can be distinguished according to the underlying mechanism into 
physically and chemically assisted techniques. It is common to all physical vapor deposition 
techniques that a solid target material is brought into the gaseous phase by a physical 
interaction process[194]. This could be high temperatures in the case of electron-beam and 
thermal evaporation or the irradiation with energetic particles in the case of sputtering or ion-
assisted deposition. The resulting vapor condenses at the substrate surface forming a closed 
film. The mostly inhomogeneous emission profiles of such sources are compensated by 
rotating the substrate, which increases the uniformity of the film thickness. These physical 
vapor deposition techniques work for a broad range of materials. In this work, they are 
typically used to deposit carbon and metal films used as etching masks or as conductive layers 
during particle beam imaging (SEM, FIB, EBL).  
Chemical vapor deposition (CVD) techniques use a chemical reaction to create a solid film 
from a gas state[195]. The dissociation of the molecules of the reaction gases is typically 
enabled by heating the substrates. Especially for temperature sensitive materials, such as 
LiNbO3, the CVD process can be enhanced by a plasma (PECVD) as an additional energy 
source to keep the substrate temperature low. CVD results in very homogeneous films 
covering also patterned and uneven surfaces. Throughout this work, all SiO2 and SiN films 
are from PECVD. The films are used as hardmasks for subsequent etching steps or for surface 
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and edge protection during mechanical polishing. Another type of CVD often complements 
FIB applications: A precursor gas, specific to the material that has to be deposited, is injected 
in the scanning field of a focused ion or electron beam[196]. The gas will be dissociated and 
material is deposited at the beam position. Because the gas can be injected locally at the beam 
position, this process can be used as a lithography system. In this work, platinum is used in 
FIB for cross-section preparation as cover layer or as an adhesive for microscale sample 
manipulation.  
2.3.3 Pattern transfer methods 
Methods for the transfer of any lithographically defined resist pattern into another substrate or 
functional layer can be divided into subtractive and additive approaches[197]. The most 
important example for additive transfer is the lift-off technique: A functional material is 
deposited on a sacrificial resist pattern covering the resist at the top and the substrate through 
the openings in that pattern. After the removal of the resist in a solvent, the inverse pattern 
composed from the target material remains on the substrate. This process is limited in many 
ways which is why subtractive patterning, in most cases removal by etching, is of larger 
practical importance. Generally, it can be distinguished between dry and wet etching. Given 
that the substrate is unmodified and isotropic, a liquid etchant will remove the substrate 
surface without directionality causing a lateral underetching of the masking layer. Dry etching 
techniques are more advantageous in this context because they allow precise control of the 
directionality of the etching and therefore enable high aspect ratio patterns with high lateral 
resolution. Various technological realization schemes exist[198], three of the most important 
examples will be described here. Ion beam etching (IBE) uses energetic inert ions, usually 
argon, to physically remove material, similar to sputtering without the recollection of 
removed material. IBE has a high etch rate, good directionality but small material 
selectivity[199]. When a reactive gas is added to the inert gas (reactive ion beam etching, 
RIBE) or used instead (reactive ion etching, RIE), the material selectivity of the etching along 
with the respective etch rate is improved by an additional chemical reaction taking place at the 
substrate surface. A modification to the RIE process uses an inductively coupled plasma (ICP) 
to create energetic ions. The etching conditions in the ICP-RIE can be broadly tuned by 
alteration of the many process parameters making ICP-RIE a very versatile tool. Throughout 
this work, any of these etching techniques have been used for the patterning of LiNbO3, SiO2, 
SiN and Cr. 
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2.3.4 Ion beam enhanced etching 
Ion beam enhanced etching (IBEE) is a directional wet etching process where an anisotropy is 
introduced by ion beam irradiation. It was developed for structuring LiNbO3 on the nano and 
micrometer scale. The description of this method has been excluded from the preceding 
section because it is an essential part of this work and, therefore, requires a more elaborate 
treatment.  
Ion solid interaction 
High energy ions interacting with the lattice of a crystalline solid are causing a broad range of 
effects. Generally, the ion will transfer its kinetic energy to the lattice atoms. It can be 
distinguished between nuclear and electronic energy loss, which are the dominating effects 
amongst others. The nuclear energy loss is caused by elastic scattering of the energetic ions at 
atomic nuclei and introduces point defects such as displacements or vacancies in the crystal 
lattice. Depending on the energy of the ion, this defect formation extensively cascades until 
the ion stops. The electronic energy loss, on the other hand, results from inelastic interaction 
with the target atoms which leads to ionization or excitation of the atoms. The mass and 
energy of the ions that are used for irradiation defines whether the nuclear or the electronic 
energy loss is dominant. Although both effects are suitable for patterning LiNbO3[145], this 
work relies on the nuclear energy loss. It modifies the crystal structure of LiNbO3 in a way 
that its resistance against chemical wet etching is significantly reduced[25], [200].  
The defect formation in the target substrate induced by the ion beam irradiation depends on 
many parameters, such as ion energy, ion species, target material and temperature. It is a 
statistical process that includes a large number of interaction events which can be partially 
understood by means of computational physics. A well-established simulation tool that serves 
this purpose is SRIM (Stopping and Range of Ions in Matter)[201]. It is based on a Monte 
Carlo simulation method of the binary collision approximation where the distance to and the 
impact parameter of the next interacting ion is selected randomly for a probability distribution 
that depends on the atomic density of the target. With the SRIM tool 3D distributions of 
displacements in the target material are calculated that will be used throughout this work.  
To quantify the displacement distribution the normalized fluence can be introduced as 
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displN is the number of displacements per atom per irradiated ion and depth interval, it can be 
deduced from the SRIM simulation. IN  is the ion fluence defined as number of irradiated 
ions per area. 0N  is the atomic density (LiNbO3 
22 3
0 9.457 10 cmN
  ). The normalized 
fluence dpan is given in units of dpa (displacements per atom). It is important to note that dpan is 
obtained from a simulation that does not take all experimental conditions into account, 
especially temperature related effects such as thermal annealing during the irradiation.  
 
Figure 1: Simulated depth distribution of the normalized fluence for the irradiation of LiNbO3 with argon 
and helium ions with an energy of 300 keV. 
The relation between the simulated dpan and the actual defect concentration dan (number of 
displaced atoms) was obtained experimentally for the irradiation conditions that are relevant 
for this work[202]. To illustrate the impact of energy and ion species on the depth distribution 
of displacements a simulation of dpan  was done for a typical irradiation of LiNbO3 with argon 
and helium ions with an energy of 300 keV (see Figure 1). Because both ion species have 
different masses at the same energy, their scattering cross-section is different which leads to 
different penetration depths. The lighter helium ions penetrate significantly deeper than the 
heavier argon ions.  
Etching of ion beam irradiated LiNbO3 
LiNbO3 is chemically very stable and therefore difficult to process in microstructure 
technology. The etch rate of pristine LiNbO3 in concentrated HF (40%) is negligible[27]. In 
order to make LiNbO3 vulnerable to wet etching in diluted HF (4%) the IBEE process uses 
ion beam irradiation to damage the crystal structure. A comprehensive investigation about this 
HF based etching process has been done before[150]. The findings presented in reference 
[150] will be used throughout this work. The main result is the dependence of the etch rate on 
the normalized fluence. It was found that no etching occurred below 0.15 dpa. In the range of 
0.15 to 0.4 dpa the etch rate rapidly increases and saturates at the maximum value for fluences 
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above 0.4 dpa. Typical values for an etch rate in the saturation region is around 120 nm/min 
for LiNbO3 etched in HF (4%) at 40°C. The wet etching step of IBEE does not require precise 
control of the process parameters because the process is self-limited by the shape of the 
damaged area in the crystal.  
Surface patterning of LiNbO3 
The lateral patterning starts with the fabrication of an irradiation mask which is composed of a 
SiO2 layer and a chromium layer. At first, the chromium layer is patterned by EBL and dry 
etching. Subsequently, it is used as a mask for dry etching the SiO2. The mask material and 
their thicknesses are chosen to block the ion beam irradiation that is used to damage the 
unmasked regions[60]. The irradiation conditions must be adjusted to result in a homogeneous 
material damage starting from the surface of the LiNbO3 down to the designed depth. This is 
typically realized by a series of argon ion irradiations with different energies and fluences. 
Figure 2 shows the calculated normalized fluence for an argon ion irradiation with energies of 
60, 150, 350 and 600 keV and fluences of 142.3 10 , 142.3 10 , 142.3 10 and 15 21.2 10 cm .  
 
Figure 2: Simulated depth distribition of the normalized fluence for a series of argon ion irradiations. The 
accumulated depth distribution shows the formation of a homogeneously damaged layer. 
The accumulated displacement is mostly homogeneous down to a depth of 550 nm at a value 
of 0.2 dpa. 0.2 dpa is the threshold value for HF wet etching and defines the final depth of the 
pattern[150]. Before any further processing of the irradiated sample, the mask has to be 
removed. If just a surface patterning is required, the final wet etching follows immediately. If 
a patterned membrane is required, another ion beam irradiation follows before the etching.  
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Patterning of a LiNbO3 membrane 
In order to realize a freestanding patterned LiNbO3 membrane, the lateral patterning is 
followed by a helium ion irradiation that defines the geometry of the air gap underneath the 
patterned LiNbO3 surface layer[52] upon the final wet etching. The irradiation conditions 
result in a displacement distribution located below the surface where it connects to the 
previously irradiated areas. The position and width of this distribution can be precisely 
adjusted by tuning the energy and the fluence of the ions. The helium ion irradiation is 
performed at a temperature of 100 K to avoid the agglomeration of bubbles that could expand 
inside the substrate and mechanically destroy the surface[38], [46], [52]. In addition, the 
membrane formation can be controlled precisely by thermal annealing (30 min at 300°C) 
between the helium ion irradiation and the final etching step. The annealing causes the shape 
of the displacement distribution to become narrower. While the peak of this distribution is still 
above the etching threshold the slopes decline below it on a much shorter depth interval 
compared to a sample without annealing. This measure defines the interface of modified and 
unmodified material more clearly and increases the etching contrast[52]. The final wet etching 
step removes all the material that is damaged above the threshold. This also means that 
slightly modified material is still present. The remaining modification is big enough to cause a 
volume expansion of the LiNbO3 that results in mechanical stresses and deformation of the 
etched structures[142], [144], [158], [200]. The expansion is very anisotropic and needs to be 
considered carefully when designing a patterned membrane. Full annealing of all defects of 
the LiNbO3 is eventually accomplished by heating the sample at 500°C for 60 min[60]. 
2.4 Optical characterization techniques 
The optical characterization of LiNbO3 micro and nanostructures requires light to be coupled 
efficiently in and out of the respective structures. To obtain high efficiency coupling the 
incident optical field must be closely matched to the modal field distribution of the tested 
structure. The LiNbO3 waveguide and resonator structures under investigation here have 
small mode field sizes. Therefore, efficient coupling is demanding and requires precisely 
aligned localized light delivery for example through microscope objectives and tapered or 
lensed optical fibers. This section introduces the respective elaborate optical characterization 
techniques that are relevant for the LiNbO3 structures discussed in this work. 
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2.4.1 Near-field characterization of photonic crystal waveguides 
In order to visualize light propagation in photonic crystal waveguides, a number of techniques 
can be used. For example, the surface of a photonic crystal can be recorded with a 
microscope[203]. When light is coupled in the waveguide, light emission along the line defect 
can be observed. It originates from the light scattering at surface defects and from radiation of 
leaky modes situated above light line. Both effects can be enhanced by an adapted design with 
engineered defects[204] or deliberate coupling to leaky modes[205]. Nonetheless, this kind of 
imaging is only an indirect, qualitative method and of limited reliability. Even a straight 
forward approach like measuring the input and output power of light transmitted through a 
photonic crystal waveguide is disturbed by extrinsic effects such that the results of these 
measurements may lead to normalized transmission efficiencies above 100%[206]. In order to 
fully characterize the modal properties of a photonic crystal waveguide, far-field imaging of 
the surface for different wavelengths can be used to retrieve the Bloch wave components of 
the leaky modes[205]. Propagating waveguide modes, which are evanescent in air, cannot be 
detected in the far-field. Instead, evanescent field coupling between the waveguide and a 
tapered optical fiber could be used[207]. More efficiently and with high spatial resolution is 
the detection with a scanning near-field optical microscope (SNOM)[208]. The SNOM scans 
a fiber optic tip across the sample surface at very small distance through which the optical 
near-field is collected and recorded. The scanning of the tip over large sample areas requires 
accurate positioning in-plane. In the direction normal to the surface, the positioning of the tip 
is challenging because a constant small gap of several nanometers needs to be maintained 
while scanning. This is accomplished through feedback mechanisms using constant force, 
shear force or tapping. Most relevant here is the shear force feedback, where the tip is 
mounted on an oscillating tuning fork. Amplitude and frequency of this oscillation are 
controlled and monitored to be fed back to the height control. This kind of feedback 
mechanism allows for the recording of a topographical image of the sample surface together 
with a map of the optical near-field. For collection of the near-field of the photonic crystals, 
dielectric fiber optic tips are commonly used. These fibers are also guiding the optical signal 
to a sufficiently sensitive detector. In this way using SNOM, evanescent fields of waveguide 
modes in integrated optical devices were imaged[207]. SNOM also allows the mapping of 
more complex patterns like photonic crystals of all kinds such as plain two-dimensional 
patterns[209], resonators[210] and waveguides[211]. SNOM is a very sophisticated technique 
that has many potential applications in the optical characterization of photonic crystals. In this 
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work it is used for mapping of waveguide modes and local loss and transmission 
measurements. 
2.4.2 Tapered fiber coupling 
An efficient way to couple light in and out of optical microstructures, such as waveguides and 
resonators, is evanescent coupling through a tapered optical fiber[212]. While this coupling 
scheme is commonly used for testing optical whispering gallery mode microdisk 
resonators[213], it can also be applied to photonic crystal waveguides[207], [214] and 
resonators[215], [216]. The characterization setup used in this work was developed by 
Carsten Schmidt[217] and will be described in the following. Fiber tapering is achieved by 
reducing the diameter of a standard optical telecom fiber with a diameter of 125 µm down to a 
diameter of approximately 1 µm. The fabrication of the tapered section uses a flame-brushing 
technique, where a hydrogen flame locally melts the fiber while it is pulled apart. In this way, 
the diameter of the fiber adiabatically decreases in this area[218]. When light is propagating 
through such a tapered fiber, it is guided in the core region of the fiber at first. In the tapered 
region, this mode field is transferred to a cladding guided mode with a substantial amount of 
optical power situated outside the tapered fiber. This effect enables the coupling to the 
evanescent fields of any suitable optical structure. Besides field overlap, another requirement 
for efficient coupling is the matching of the mode of the optical structure with the mode of the 
tapered fiber in space and time. This phase-matching can be adjusted by tuning the 
wavelength of the incoupled light and by tuning the propagation constants of the interacting 
modes. The diameter of the tapered region should be thin enough to cut-off higher order taper 
modes. Otherwise, light that is coupled to these modes is strongly damped during the 
transition to the single mode optical fiber part and possibly yielding inconclusive 
measurement data[219]. For the actual optical characterization of the respective structure, the 
tapered fiber is brought into its close proximity. This positioning requires high stability and 
precision since the coupling efficiency sensitively depends on the distance between fiber taper 
and optical microstructure. The positioning is done by motorized translation stages and is 
monitored through the closed-loop piezo actuator drivers, as well as through an optical 
microscope. The light sources used for the experiments in this work are tunable continuous 
wave (cw) lasers operating in the near infrared (NIR). Between the laser and the tapered fiber, 
a fiber optic circulator is installed. This setup allows the simultaneous measurement of the 
spectral characteristics of the transmission (behind the tapered fiber) and the reflection (at the 
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circulator) of the experimental system. In the case of a resonant structure, when the 
wavelength is tuned over a resonance wavelengths, a dip will appear in the transmission 
spectrum.  
2.4.3 Cross polarized scattering microscopy 
Optical microscopy is a general tool that is used throughout this work for many purposes 
including inspection during sample fabrication as well as optical excitation during elaborate 
characterization experiments. Optical microscopes are used in two ways: magnified imaging 
of small sample areas and local light delivery. Both aspects are implemented for example in 
the routinely performed characterization of light guiding structures. Light is incoupled from 
one side of the structure by focusing with an optical microscope. At the position where the 
light is outcoupled, another microscope images the signal on a detection device such as a 
photo diode or a camera. Many configurations are possible with the excitation beam being in-
line with the guiding structure or perpendicular to it. It is beyond the scope of this section to 
give an in-depth review of all the relevant reported characterization techniques. Instead, the 
focus is put on just one technique, the cross polarized scattering microscopy, which is 
important in this work for the optical characterization of photonic crystal microresonators in 
chapter 5. These resonators typically have a strong mode confinement inside the waveguiding 
layer resulting in very weak coupling to the surrounding medium. The experimental access is 
difficult to realize and could be approached indirectly by adding a fluorescent or active 
medium in the cavity that radiates in correspondence with the cavity’s mode field[220]–[222]. 
In the case of LiNbO3, this is nontrivial yet achievable by erbium doping, for example[223]. 
Another approach to test photonic crystal cavities could be evanescent field coupling either 
through a tapered fiber as described in the previous section or by direct integration of a 
waveguide in the sample fabrication. Both schemes may impede the characterization process 
by adding more control parameters and additional mechanical load to a fragile structure. In 
contrast, cross polarized scattering microscopy appears to be less complicated and very 
suitable for this purpose[224]. The measurement scheme is illustrated in Figure 3. Linearly 
polarized light from a tunable cw laser is transmitted through a polarizing beam splitter, 
followed by a half-wave plate that rotates the polarization by 45° and a high numerical 
aperture microscope objective that focusses the light on the photonic crystal resonator. In this 
way, the polarization of the electric field of the laser on the sample surface can be adjusted to 
have a defined angle with respect to the orientation of the cavity modes. The light that is 
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scattered back from the sample surface is collected through the same objective and directed 
through the same half wave plate, where its polarization is rotated again by 45°. In the end, 
the scattered signal passes the polarizing beam splitter and is, depending on the polarization 
state, directed to the detector. Input light with a wavelength that does not correspond to a 
cavity resonance will be reflected back by the photonic crystal surface. The reflected light 
mostly maintains its original polarization state and will therefore be filtered out by the 
polarizing beam splitter. For illumination at the resonance wavelength, the incident light 
interacts with the cavity modes leading to a modified polarization state in the reflected light. 
The reflected signal is then guided through the polarization optics to the detector. The cavity 
in this setup, therefore, can be regarded as a wavelength selective polarization rotator. 
Similarly, the SH being resonantly generated in the cavity is collected through the same 
optics, filtered out by a dichroic mirror and guided through an additional band pass filter onto 
a detector. In order to monitor the illuminating laser spot on the sample, cameras for FH and 
SH are included in the beam path through a beam splitter. Generally, this measurement 
scheme allows for the detection of very weak resonantly scattered signals from the cavity in 
the presence of a strong coherent background that originates from nonresonant reflections. 
 
Figure 3: Schematic of the cross polarized scattering microscope with second harmonic detection.  
Chapter summary 
This chapter introduced the basic concepts and methods used for the investigation of 
nonlinear optical effects in microstructured LiNbO3. LiNbO3 was presented as a versatile 
substrate material for nonlinear integrated optical devices. It followed a brief discussion of the 
physics of nonlinear optics in order to derive methods for the enhancement of nonlinear 
interaction processes, especially SHG. Waveguides and resonators were identified and 
explicated as key components to achieve the required enhancement through strong 
confinement of the interacting optical fields. Moreover, the current state of micro and 
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nanostructure technology that is relevant for the realization of the designed optical elements in 
LiNbO3 was presented. Particularly the patterning of LiNbO3 by means of IBEE was 
elaborated in detail. The chapter is concluded with descriptions of experimental techniques for 
the characterization of the linear and nonlinear optical properties of the fabricated LiNbO3 
structures with high spatial resolution.  
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3 Patterning of lithium niobate 
In this chapter, patterning schemes for LiNbO3 are elaborated. Particularly, the interaction of 
hydroxide solutions and ion beam irradiated LiNbO3 is described in great detail. Conclusions 
for the applicability in nano and microstructure technology are drawn. Most relevantly, a 
KOH based IBEE process is developed from these investigations. KOH based IBEE 
represents the basis for the fabrication of functional optical elements that are a substantial part 
of the following chapters. In the second part of this chapter, FIB patterning is introduced as a 
tool for small area prototyping of LiNbO3 optical elements. The FIB approach is combined 
with preprocessed membrane substrates such as LNOI or helium ion irradiated LiNbO3 
offering large flexibility and fast fabrication times. In the end of this chapter, additional 
patterning approaches are described that are complementing the main processes.  
3.1 Hydroxide solution assisted ion beam enhanced etching 
The basic principle of IBEE has been introduced in section 2.3.4. IBEE relies on the 
significantly different etch rates of irradiated and pristine LiNbO3 which makes it a highly 
selective patterning process. It is common to all of the previously reported studies that the wet 
etching is based on an HF solution.  
Although the HF based process is well-developed and understood[150] it can be 
disadvantageous in certain cases. One example regards the LNOI substrates consisting of a 
LiNbO3 thin film and a SiO2 layer on a LiNbO3 substrate[51], [59]. LNOI is a very versatile 
platform for many kinds of integrated nonlinear optical devices[43], [58], [110], [225] but it is 
not compatible to HF based IBEE. This is because of the SiO2 layer that would dissolve in HF 
and cause the detachment of the top LiNbO3 layer from the substrate. Another drawback 
regards the elaborate safety measures when handling HF, because it is toxic, highly corrosive 
and, upon exposure, immediate medical attention is required.  
As an alternative, hydroxide based etching of ion beam irradiated LiNbO3 is presented in the 
following. Significant etching of ion beam irradiated LiNbO3 was first discovered when a 
patterned silicon irradiation mask was removed by KOH etching from the LiNbO3 substrate. 
The KOH did not only remove the silicon but also the irradiated LiNbO3. No previously 
reported work discussed or indicated that other etching solutions than those based on HF are 
suitable for IBEE. Therefore, to investigate the underlying etching mechanism a series of 
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experiments was conducted. For these experimental studies LiNbO3 substrates were irradiated 
and etched in various hydroxide based solutions under different conditions. In the end, KOH 
based etching was identified to be the most promising HF substitute. This was confirmed by 
further experimental studies and a performance comparison with HF. The main results of this 
section have been published in reference [226]. 
3.1.1 Experimental conditions 
The experimental studies were conducted with commercially available x-cut LiNbO3 crystals. 
Similar to the IBEE process introduced before, the LiNbO3 substrates were irradiated with a 
series of argon ions having energies of 60, 150, 350 and 600 keV. Energies and fluences were 
set up to result in a homogeneously damaged layer of 450 nm thickness (see section 2.3.4). 
Throughout the experiments, the energies were kept constant while the fluences were 
changed. In previous experiments it was found that a normalized fluence of 0.4 dpa 
corresponds to a complete amorphization of the LiNbO3 crystal[27]. Therefore, the fluences 
here were varied between 0.1 and 0.6 dpa. During the irradiation the samples were masked to 
create an interface between irradiated and pristine material. Along this interface intermediate 
height measurements were conducted and recorded as a function of the etch time to determine 
the etch rate.  
The wet etching was done with alkali metal hydroxide solutions of different concentrations, 
where the maximum concentrations were given by the water solubility of the respective 
compound. The temperature of the etchants, controlled by a water bath, could be heated up to 
70°C. After each etching step, a height profile was measured by means of white light 
interferometry using an optical microscope with a field of view of 0.6 × 0.6 mm². The images 
were recorded at different positions and used for a minimum of twenty height profile 
measurements normal to the interface of etched and un-etched regions. In the end, the average 
height from every step is plotted as a function of etch time, see for example Figure 4. At first, 
the etch depth increases linearly proving that the defect concentration from the ion beam 
irradiation is constant down to the designed depth. When this depth is reached by the etching 
process, the etching stops. The slope of the linear portion of the plot represents the etch rate 
that can be calculated by linear regression. This general measurement scheme was used to 
determine the etch rates during all of the following experiments.  
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Figure 4: Etch depth as a function of the etch time for a normalized fluence of 0.5 dpa and etching in 
KOH (50%, 65°C). From the linear slope at the beginning the etch rate can be calculated. 
3.1.2 Results and discussion 
In order to experimentally study the etching mechanism in hydroxide based IBEE, solutions 
of different chemicals containing alkali metals were tested: NaOH, KOH, RbOH, CsOH. For 
all of these etchants a significant etch rate was measured, see Figure 5. When dissolved in 
water, hydroxides of alkali metals ionize into hydroxide ions and alkali metal ions. To verify 
the influence of the alkali metal ions, etching tests were done with the aqueous solutions of 
NaCl and KCl that dissociate into an alkali metal ion and a chlorine ion. No etching was 
detected in theses test, it can hence be concluded that only the hydroxide ions facilitate the 
etching process or act as a catalyst.  
 
Figure 5: Etch rates as a function of the concentration for several hydroxide solutions measured at a 
temperature of 65°C, the irradiation of LiNbO3 was done with a normalied fluence of at least 0.45 dpa. 
The etch rates of the tested chemicals are plotted in Figure 5 as function of their concentration 
(given in percent by weight throughout this work) in aqueous solution at 65°C. The results 
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show that the etch rates can differ by orders of magnitude from each other. This behavior is 
supposed to be a result of the water solubility of the reaction products and is illustrated for the 
case of KOH and NaOH.  
The etching of an ion beam irradiated LiNbO3 sample in NaOH (41.6%, 65°C) for 5 min 
results in the formation of crystallites on the LiNbO3 surface, see Figure 6(a). These 
crystallites are several tens of micrometers large. They were picked up with a micro 
manipulator needle using the FIB. In this way, the crystallite was transferred to a neutral 
background for an energy dispersive X-ray (EDX) analysis. The EDX analysis uses the 
characteristic X-ray emission from a target material that is stimulated by a high-energy 
electron beam to evaluate its elemental composition. The EDX analysis of the crystallites 
shows the presence of niobium, sodium and oxygen. This leads to the assumption that the 
crystallites are made out of NaNbO3 which is further supported by Na+, OH-, NbO3- and Li+ 
ions being involved in the reaction. Additional sonication was found to reduce the 
crystallization by avoiding the local saturation of reactants, see Figure 6(b). Although the 
reaction appears to be quite similar, no crystallites have been observed in the case of KOH 
etching, where the formation of KNbO3 could have been expected.  
 
Figure 6: Scanning electron microscope images of ion beam irradiated LiNbO3 surfaces after etching in 
NaOH (41.6%, 65°C) (a) without and (b) with sonication. (b) The sharp tipped object is metallic needle 
that was used to locally dissipate charges.  
Another dissimilarity between KOH and NaOH etching are the observed etch rates. The 
maximum etch rate measured for NaOH is about two times larger than for KOH. The etch 
rates are a measure for the speed of the chemical reaction taking place at the sample surfaces. 
The speed of any chemical reaction can be influenced by adding or removing reactants. In the 
given etching process, a reaction product can be removed because of its low water solubility 
which would cause it to settle and to form crystallites. The compensation of the resulting 
imbalance in the reaction consequently leads to its acceleration. This line of argument can be 
applied to the reaction products of KOH and NaOH etching. They have a water solubility of 
0.792 g/l (KNbO3) and 0.262 g/l (NaNbO3) at 50°C [227] explaining their different etch rates, 
eventually.  
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In conclusion, an experimental study about the performance of several hydroxide solutions in 
the IBEE process has been presented. A fundamental model for describing the respective 
chemical reactions still needs to be deduced from these findings as well as from future 
studies, which is outside the scope of the presented experimental approach. Nonetheless, 
important implication for the applicability in microstructure technology can be found in the 
results. NaOH appears to be unsuitable because the surface quality is impaired, even with 
simultaneous sonication, which could possibly destroy high-aspect ratio structures. RbOH and 
CsOH are unsuitable as well, mainly because of their small etch rates. It can, hence, be 
concluded that KOH is the only etchant, out of all the etchants investigated here, which is 
compatible with the demands of microstructure technology for the fabrication of optical 
elements in LiNbO3.  
3.1.3 KOH based ion beam enhanced etching 
In the following, further experimental results will be presented and discussed to assess the 
performance and applicability of KOH based IBEE in comparison to the HF based process.  
In Figure 7(a) the dependence of the etch rate upon variations of the KOH concentration is 
plotted again scaled linearly. The samples were irradiated with a normalized fluence of at 
least 0.45 dpa to ensure that the LiNbO3 crystal is amorphous[27]. A significant increase of 
the etch rate from 10 nm/min to 260 nm/min at a concentration of 55% can be observed. The 
etchant temperature was 65°C for the concentration dependent measurements with 55% being 
the corresponding maximum KOH concentration that can be dissolved in water.  
The temperature dependence of the etch rate for samples irradiated with a normalized fluence 
of 0.6 dpa and etched in 33% KOH is shown in Figure 7(b). The etch rate rapidly increases in 
the investigated temperature range by almost four times. From the Arrhenius plot[228] of this 
data the activation energy can be calculated to be 0.67 eV. Because the etch rates do not 
depend on whether sonication is used or not, diffusion mediated processes that could possibly 
influence the etch rate can be ruled out. Therefore, the activation energy exclusively 
characterizes the chemical reaction at the sample surface. It is in good agreement with the 
activation energy of HF based IBEE which was found to saturate around 0.6 eV for heavily 
damaged crystals with normalized fluences above 0.25 dpa[150]. 
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Figure 7: (a) Plot of the etch rate as a function of the concentration of the KOH (65°C) solution. The open 
circles represent samples irradiated with a normalized fluence of 0.6 dpa, whereas the fluence is 0.45 dpa 
for the filled squares. These different fluences do not affect the etch rate because the crystal is damaged 
above the threshold. (b) Etch rate as a function of the temperature of the KOH (33%) solution for samples 
irradiated with a normalized fluence of 0.6 dpa.  
The applicability of an etching process for microstructure technology depends on the 
selectivity of the process. That means, a large difference of the etch rates in irradiated and 
non-irradiated areas must be provided. This behavior was tested by measuring the etch rates 
as a function of different normalized fluences ranging up to 0.6 dpa. Prior to this experiment, 
the reference etch rate of a non-irradiated sample was measured by partially covering the 
LiNbO3 surface with a gold film followed by wet etching for several hours. Taking the 
tolerances of the height measurement into account, an etch rate below 0.006 nm/min was 
identified in the end. This etch rate of the non-irradiated and unmasked area is small enough 
to be neglected which is an important requirement for a large selectivity of the etching 
process. The dependence of the etch rate on the normalized fluence is shown in Figure 8(a). 
The etching was done at a moderate temperature of 65°C and a concentration of 33.3%. 
Normalized fluences below 0.1 dpa result in very small etch rates that rapidly increase 
between 0.1 and 0.4 dpa, saturating at around 45 nm/min. A very similar behavior was found 
for HF based IBEE, too. To allow for a quantitative comparison, Figure 8(b) shows a plot of 
the etch rates of HF and KOH based IBEE. The plotted etch rates are normalized to their 
respective maximum values in the saturation region (above 0.4 dpa). When fitting the data in 
the region between high and low etch rate by linear regression, the resulting slope is the 
normalized etch rate contrast which can be used to compare both processes. The normalized 
etch rate contrasts amount to 5.2 ± 0.1 dpa-1 for HF and to 5.6 ± 0.2 dpa-1 in the case of KOH. 
These results prove that KOH and HF are indeed similar in terms of selectivity. Therefore, it 
can be concluded that KOH qualifies to be used as a substitute for HF in the IBEE process. 
An example of a photonic crystal patterned with KOH etching in a freestanding membrane is 
shown in Figure 9. With respect to the patterning of complex LiNbO3 structures during the 
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course of this work, the presented results are invaluable. From a broad experimental study 
about the feasibility of hydroxide based etching of ion beam irradiated LiNbO3, a process was 
developed that successfully replaces the potentially dangerous and, in terms of substrate 
compatibility, limited etchant HF. In chapter 4, examples of LiNbO3 structures based on 
LNOI substrates are presented that could not be realized without the modified process.  
 
Figure 8: (a) Plot of the etch rate as a function of normalized fluences showing the selectivity of KOH 
(33.3%, 65°C) assisted ion beam enhanced etching. The etch rate contrast is calculated using the red 
points. (b) Plot of the etchrates normalized to their respective maximum values as a function of 
normalized fluences comparing the selectivity of the etchants KOH(33.3%, 65°C) and HF(3.7%, 40°C, 
from reference [150]). 
 
Figure 9: (a) Scanning electron microscope image of a photonic crystal membrane fabricated by KOH-
assisted ion beam enhanced etching. A gold layer is deposited on the sample for charge dissipation during 
imaging. (b) Focused ion beam (FIB) cut cross-section of the membrane. To increase the material contrast 
and to protect the leading edge during FIB patterning, a layer of platinum is locally deposited.  
3.2 Focused ion beam patterning of lithium niobate membrane 
substrates 
Focused ion beam (FIB) patterning has already been introduced as a versatile tool for small 
area prototyping in section 2.3. Especially regarding the short processing time FIB became 
indispensable in situations, where the design idea of a single small scale structure, such as a 
photonic crystal resonator, needs to be tested in an optical characterization experiment. FIB 
patterning of LiNbO3 micro and nanostructures was reported already for the fabrication of 
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photonic crystals in planar waveguides[79], [102]–[105], [107], [109], [111], [112], [117], 
membranes[56], [110], [113], [115], [116] or the bulk crystal[100] with added electro-
optic[79], [108]–[110], [112], acousto-optic[114] and pyro-electric[113] functionality. The 
approach presented here uses preprocessed membrane substrates, where the membranes act as 
planar optical waveguides confining the light vertically. The horizontal confinement, amongst 
other effects, is realized by a suitable structure patterned by FIB. The membrane substrates 
can be either helium ion irradiated LiNbO3 or LNOI. The helium ion irradiation is carried out 
as described in section 2.3. It allows the precise adjustment of the membrane thickness and of 
the air gap height underneath without the need of any further processing. LNOI substrates are 
available with fixed film thicknesses that may require additional height adjustments according 
to the device design. Such an adjustment can be realized by thinning of the membrane with 
ion beam etching (IBE) which will be elaborated later in this chapter. 
3.2.1 Direct patterning of LNOI and helium ion irradiated LiNbO3 substrates 
Our approach is applicable for two different kinds of substrates: LNOI and helium ion 
irradiated LiNbO3. The substrates have been diced to a small size of few mm² accounting for 
their relatively high monetary value. The samples are then glued to a carrier chip for 
improved handling using double sided adhesive carbon tape. This tape was chosen because it 
has a good electric conductivity and is resistant against all chemicals involved in the sample 
processing, especially HF based etchants. Next, the samples are deposited with a conductive 
layer of gold or carbon that allows for the dissipation of charges during scanning electron 
microscope (SEM) and FIB operation. The patterning is done in a ZEISS NEON 60 
CrossBeam machine. The beam deflection system of the FIB column is connected to the 
external lithography system RAITH ELPHY Quantum. The FIB column is usually operated 
with an acceleration voltage of 30 kV. The probe currents are chosen depending on the 
resolution that is required by the respective layout. The choice of probe current and the 
corresponding probe diameter is specific to our FIB and represents a compromise between 
processing time and resolution. For photonic crystals in LiNbO3 holes of 300 nm diameter and 
a depth of 500 nm are common, which is typically realized with a probe current of 100 pA. 
An unwanted effect during FIB patterning is redeposition of sputtered material at the inside of 
high aspect ratio structures. Especially for very small structures redeposition can prohibit the 
patterning down to the designed depth. Larger structures, mainly as a result of redeposition, 
have non-perpendicular sidewalls, cylindrical holes for example will become conical[118], 
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[119]. In order to reduce this effect, the structures presented here are patterned in at least ten 
iterations down to the sacrificial material (either helium irradiated LiNbO3 or SiO2)[229]. 
Each of these iterations contains the full pattern with a fraction of the total irradiation dose. 
The repetitive patterning also leads to a homogeneous distribution of the redeposited material 
over the entire write field and good uniformity of the final structure.  
After the FIB patterning is finalized, the conductive layer is removed and the sample is wet 
etched. During this etching, the etchant penetrates the sacrificial material through the 
openings in the surface pattern and from the side faces. Because the etching is selectively 
removing the sacrificial material a patterned membrane forms as the etch front laterally 
propagates. Two examples are given in Figure 10. The substrate type being used defines what 
kind of etchant is needed. In the case of helium ion irradiated LiNbO3 diluted HF(4%, 40°C) 
and KOH(50%, 65°C) are suitable. For underetching LNOI a commercially available 
ammonium fluoride - HF mixture was used to remove the intermediate SiO2 layer. Because 
the etch rates are quite similar, the etch time for all etchants is typically around 10 min and 
depends on the amount of underetching that is required by the respective application.  
 
Figure 10: Examples for the underetching of lithium niobate membranes: cross-sections prepared by 
focused ion beam milling of (a) a microdisk fabricated in lithium niobate on insulator substrate and (b) 
sample edge of helium ion irradiated lithium niobate substrate after wet etching in HF based solutions.  
3.2.2 The effect of gallium contamination 
FIB patterning is based on local material sputtering with a focused beam of gallium ions. 
During the patterning process, gallium ions are implanted everywhere around the areas where 
material is removed. As a consequence, this gallium ion irradiation leads to a damaged crystal 
structure that potentially impairs the optical properties and becomes vulnerable to wet etching 
in a similar way that is used for the IBEE process[200]. In the following, the effect of these 
gallium contaminations is investigated with emphasis on the dimensional accuracy of the 
patterning[230].  
Using the software SRIM, the ion beam irradiation of LiNbO3 with 5 keV and 30 keV gallium 
ions, representing the preset operation conditions of the FIB, was simulated. The resulting 
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gallium ion distributions in LiNbO3 are plotted in Figure 11. They can be qualitatively 
interpreted as the ion-induced defect concentration. Their maxima are located 5.5 nm and 
18.7 nm below the surface with half widths of 5 nm and 17 nm. These calculations can be 
used as an upper estimate for the maximum interaction volume of the gallium ion induced 
IBEE effect during FIB operation.  
 
Figure 11: Distribution of gallium ions plotted as a function of penetration depth, from an SRIM simulation of 
the irradiation of lithium niobate with 5 keV and 30 keV gallium ions. 
For the experimental verification of this effect grooves with different widths were milled into 
a LiNbO3 substrates with gallium ions of energies 5 keV and 30 keV with a probe current of 
100 pA. Subsequently, the samples were etched in diluted HF (4%, 40°C) for 5 min. Before 
and after the etching the widths of the grooves were measured with the SEM, see Figure 12. 
The inspected cross-sections were prepared by FIB milling after local deposition of platinum 
for an increased material contrast. For 30 keV gallium ions this measurement was carried out 
in 30 different places on the sample. A broadening of the groove of (17±3) nm per side was 
found. Figure 12 shows the resulting gap to illustrate the effect.  
 
Figure 12: Scanning electron microscope images of grooves cut by focused ion beam milling (30 keV) in 
lithium niobate before and after HF etching. The 17 nm wide gap results from gallium ion enhanced 
etching at the interface. 
For 5 keV gallium ions the groove widths were measured in four places and a broadening of 
10 nm per side was found. Accounting for statistical and measuring errors, both results are in 
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agreement with the position of the maxima in the gallium ion distribution. The gallium ion 
induced defect concentration therefore seems to be large enough for wet etching. Further 
experimental proof is given by an EDX analysis. The resulting EDX spectra in Figure 13 were 
taken from a line scan with a 15 keV electron beam across an area that was patterned with 
30 keV gallium ions. Especially at the edges of milled structures significant amounts of 
gallium have been found whereas the gallium was completely gone after etching.  
 
Figure 13: EDX spectra taken from a line scan of a FIB (30 keV) patterned area showing gallium 
contamination before and after etching in HF. 
In conclusion, it was found that the low-energy gallium ion irradiation by FIB has a 
significant effect on the dimensional accuracy. Apart from that, it is well-known how ion 
beam irradiation considerably modifies the linear, non-linear and electro-optical properties of 
LiNbO3[78], [231]. For the contaminated areas, it is therefore required to be either removed 
by etching or, possibly, cured by thermal annealing. From the presented findings, however, 
the most important conclusion to be drawn is that gallium ion induced modifications need to 
be taken into account when designing functional sub-micrometer devices in LiNbO3.  
3.3 Additional patterning approaches 
3.3.1 Membrane thinning with ion beam etching 
It was introduced before that preprocessed membrane substrates, such as helium ion irradiated 
LiNbO3 or LNOI, are very useful for FIB based patterning. In contrast to the fully flexible 
lateral patterning with FIB, the membrane height is fixed by the chosen substrate. In order to 
introduce an additional degree of freedom, we use ion beam etching (IBE) for thinning the 
membrane substrates according to the device design before the FIB patterning. The 
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established standard IBE process for LiNbO3 is done by means of argon ion etching at 400 eV 
and a current density of 0.3 mA/cm² with an Oxford Ionfab 300. The etch rate is relatively 
low (10.5 nm/min) allowing for nanometer precision control of the targeted layer thickness. 
Figure 14 shows examples of the resulting membranes after etching. Whereas the thinnest 
membrane realized by IBEE has a thickness of 200 nm[52], the combination of IBEE and dry 
etching can be used for thicknesses down to 30 nm. Such membranes are very fragile and are 
affected by any mechanical stress. The maximum area that can be covered with an intact thin 
membrane is therefore limited to around 100 µm². 
 
Figure 14: Scanning electron microscope images of lithium niobate membranes with thicknesses being 
adjusted by ion beam etching. Platinum was deposited for edge protection and enhanced material contrast 
during focused ion beam milling. 
From the planar dry etching of LiNbO3 an increased surface roughness could be anticipated 
which would lead to scattering and additional losses in any light-guiding structure. To 
quantify the influence of IBE, the root mean square roughness of the surface was measured by 
atomic force microscopy on an area of 10 µm by 10 µm before and after etching, resulting in 
very similar values for the roughness of 1.24 nm and 1.13 nm. It can be concluded that IBE 
maintains the original surface quality and, thus, making it a suitable process for membrane 
thinning. 
3.3.2 Circular saw dicing 
Although the main portion of this work is devoted to nano and microscale structures of 
LiNbO3, also macroscopic patterning techniques aside standard chip dicing had to be 
established as well. This type of patterning is needed to make the microstructures that are 
typically located on top of a small chip accessible for optical characterization experiments. 
Instead of using elaborate integrated optical waveguide patterns for the in-plane testing, the 
structures are addressed individually, for example with a microscope objective or by a tapered 
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or lensed optical fiber. Circular saw dicing has been reported to be a suitable tool for cutting 
high aspect ratio ridges[66].  
 
Figure 15: Optical microsope images of (a) a cross-section of a trench produced by a single circular saw 
cut and the top views of ridges in (b) bulk LiNbO3 and (c) LNOI.  
Similarly, for this work a dicing saw DISCO DAD-320 was set up for cutting relatively large 
ridges in accordance with the geometry required by the experimental framework. The 
minimum depth of the cut was required to be 70 µm in order to position a standard 
125 µm-diameter optical fiber with its core region aligned parallel with the sample surface. 
The minimum width of the ridge was set to 50 µm in order to fit the anticipated patterns on 
the sample surface properly for optical testing from both sides of the ridge. It was found that a 
saw blade with a thickness of 200 µm and grit 4000 gives best results at 10,000 rpm and a 
feed rate of 0.3 mm/s. The trenches adjacent to the ridges are composed from repetitive cuts 
spaced 10 µm apart from each other until the targeted width is reached. Examples of the 
resulting structures are shown in Figure 15. In conclusion, circular saw dicing has been 
established successfully becoming a tool for coarse preforming of the respective substrate 
materials.  
3.3.3 Patterned SiN membrane irradiation mask 
It was pointed out before that a large amount of patterning for this work is carried out focused 
on single microscopic structures like photonic crystal resonators. The structures are patterned 
by FIB on tiny substrate pieces because their acquisition is costly in terms of money and 
effort. Generally, substrate pieces smaller than 10 by 10 mm² are difficult to process in resist 
based lithography. As an artifact of the resist spin-on coating, the resist wraps around the edge 
of a chip and accumulates up to several times of the nominal thickness. The resulting edge 
bead reaches about 2 mm on the usable surface leading to significant handling and levelling 
problems during OL or EBL. In this situation, FIB clearly is an ideal tool for direct maskless 
patterning. An alternative suitable patterning approach is stencil mask lithography. It 
combines the advantageous maskless patterning of FIB with quick, large-area patterning of 
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OL and EBL, and it can be used on small substrate areas[232]–[234]. Ideally, stencil mask 
patterning can complement IBEE in the following way: Starting point is a SiN layer deposited 
on a silicon substrate. The thickness of the SiN is big enough to stop the high energy argon 
ions during the irradiation. Because the silicon substrate can be a full wafer or a sufficiently 
large chip, nanoscale patterning is done by standard EBL or OL. The resist pattern is then 
transferred in the SiN layer by dry etching. In the next step the membrane is created: An 
additional lithography step on the backside of the substrate creates large area openings at the 
position where the nano patterns are on the front side. The resist pattern is transferred in the 
silicon substrate by silicon-selective wet etching which stops at the SiN leading to the 
formation of a large area, freestanding, patterned membrane. To transfer this pattern onto the 
LiNbO3 substrate, the resulting chip is flipped face down and positioned on the substrate 
surface to act as a mask during the ion beam irradiation. In this way it is not just possible to 
directly pattern small sample areas for immediate optical testing. It is further possible to make 
preforms of the expected structures for assisting the FIB patterning by reducing the writing 
times. 
In order to establish the described process and to evaluate the feasibility and its limitations, a 
series of preliminary tests have been run. In these tests, SiN membrane have been used with a 
thickness of 480 nm that were deposited by means of CVD on a silicon substrate. The 
deposition process was adjusted to result in a tensile stress of 180 MPa. For the experiment, 
ready-made membranes substrates, which were opened from the back, have been used. 
Instead of using OL or EBL, test patterns were cut in the SiN membrane by FIB. To avoid 
charging effects during FIB patterning, a 20 nm layer of carbon was deposited on the SiN 
before. The test patterns consisted of large quadratic openings (5x5 µm²), gratings (period 
1 µm, different filling factors) and a photonic crystal resonator (hexagonal pattern of holes 
with diameters of 220 nm, period 560 nm), see Figure 16. The patterned SiN membrane was 
placed on the surface of an x-cut LiNbO3 chip. According to the process described in section 
2.3.4 a series of argon ions was used for the irradiation followed by wet etching. 
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Figure 16: Scanning electron microscope images of irradiation masks fabricated in a 480 nm thick SiN 
membrane by focused ion beam milling. (a), (b) Gratings with period of 1µm and different filling factors 
and (c) photonic crystal L3 resonator with period of 560 nm and hole diameter of 220 nm. 
The area of the freestanding patterned membrane was around 1x1 mm². The combination of 
tensile membrane stresses and the mechanical support of the framing silicon substrate limit 
the initial bulging to a maximum of 25 nm. This deformation was taken from a white light 
interferometry measurement across the full membrane areas. A consequence of the ion beam 
irradiation for patterning is the implantation of argon ions in this masking membrane layer 
which leads to a volume expansion of the material and a tremendous increase of the 
membrane deformation to around 20 µm. Thermal annealing of the patterned membrane for 
1 h at 500°C almost completely restores the initial bulge and, in principle, enables the re-use 
of the membrane. Figure 17 shows SEM images of the resulting structures in LiNbO3 after 
wet etching in HF. In both cases, the pattern from the membrane was successfully transferred 
into LiNbO3. A slight drift of around 100 nm can be observed in the photonic crystal which 
must be attributed to either the ion beam induced bulging of the masking membrane or 
mismatched thermal expansion of substrate and mask during the irradiation. To suppress the 
ion beam induced bulging of the membrane, SiN with larger tensile stresses can be deposited. 
Also, mechanical support patterns in the silicon substrates that are specific to the respective 
layout may be used. 
 
Figure 17: Scanning electron images of (a) a grating with a period of 1 µm and (b) a photonic crystal with 
period of 560 nm in bulk LiNbO3 substrate after ion beam enhanced etching through a patterned SiN 
irradiation mask.  
From these experimental findings, it can be concluded that stencil mask lithography is a 
suitable tool for the transfer of complex nanoscale patterns in small area LiNbO3 substrates. 
The presented first proof of principle investigations show the great potential of the approach.  
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Chapter summary 
In this chapter, patterning techniques for the realization of LiNbO3 micro and nanostructures 
were presented. Based on our findings from broad experimental studies about IBEE of 
LiNbO3 with hydroxide solutions, a new KOH based process was developed. In the course of 
this work, KOH based IBEE became a necessary complement to the commonly used HF 
based process especially for patterning tasks that involve LNOI substrates. IBEE is 
compatible with a lithography based chain of processes for the patterning of large areas. For 
research purposes though, FIB based direct patterning of single structures can be a valuable 
alternative. It was hence another objective of this chapter to present FIB patterning of either 
helium ion irradiated LiNbO3 or LNOI membrane substrates. In particular, the effect of 
gallium contamination as a consequence of FIB patterning was investigated. The chapter ends 
with a set of patterning approaches which are essential additions to IBEE and FIB patterning. 
In this regard, planar dry etching was studied for thinning membrane substrates to a specific 
layer height. Circular saw dicing was presented to enable the coarse patterning and pre-
forming of the substrates. Eventually, all of the presented approaches have been used for the 
realization of LiNbO3 optical elements, which are shown in chapters 4 and 5. 
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4 Linear and nonlinear optical properties of 
nanoscale waveguides 
Waveguides are the basic building blocks of any integrated optical device. They are 
particularly useful in applications that use nonlinear optical processes like frequency 
conversion. Because the propagating light is confined over large distances in a waveguide, the 
conversion efficiency of the nonlinear interactions is much higher than compared to focusing 
in a bulk nonlinear medium. It is a further advantage that waveguides can be fabricated with 
high precision using modern microstructure technology which allows to control the 
waveguide dispersion for modal phase-matching. Compared to commonly used 
microstructured waveguides that could be realized by titanium indiffusion for example, the 
conversion efficiencies of nanostructured waveguides are generally higher. Nonlinear effects 
can be enhanced even further by using slow light, which could be achieved for example with a 
photonic crystal waveguide[235].  
In the first part of this chapter, the fabrication of nanoscale wire-type waveguides is presented 
followed by their nonlinear optical characterization. Next, another kind of nanoscale 
waveguide, a photonic crystal waveguide, is introduced, reporting about the characterization 
of its linear optical properties. These results represent an important basis and requirement for 
the realization of nonlinear optical resonators based on photonic crystals which are the subject 
of chapter 5. Finally, this chapter is concluded by showing how the presented wire-type 
waveguides can be metalized at the sidewalls resulting in a metal-insulator-metal structure 
which could be potentially useful to parametrically amplify propagating plasmonic modes.  
4.1 Planar optical waveguides 
In this section, the optical properties of thin LiNbO3 membranes for highly efficient cascaded 
third harmonic generation (THG) will be discussed. Generally, THG is an interesting process 
that can be valuable, for example, for the realization of compact laser sources in the visible 
wavelength range[236] or in telecommunication applications[237]. Normally, THG is a result 
of third-order nonlinear processes. Because of the mostly small magnitude of the cubic 
material nonlinearities, this process is less efficient than quadratic effects. LiNbO3 has a 
dominant quadratic and a weak third-order nonlinearity which makes direct THG very 
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inefficient. Therefore, a cascaded two-step process is used[238], [239]. First, the second 
harmonic (SH) is generated from the fundamental harmonic (FH). The SH is then mixed with 
the FH again in a sum-frequency generation (SFG) process resulting in the third harmonic 
(TH). Both processes, second harmonic generation (SHG) and SFG, are second-order 
nonlinear processes that can make the cascaded THG significantly more efficient than THG 
from a cubic nonlinearity[240]. To achieve maximum efficiency SHG and SFG must be 
phase-matched simultaneously which could be done for example by quasi-phase-matching in 
an aperiodically poled structure[241]. Large efficiencies are also possible using modal phase-
matching in a thin planar waveguide[242]. In this way, highly efficient THG can be obtained 
from a 206 nm thick z-cut LiNbO3 membrane with an optical pump in the NIR wavelength 
range and light propagation along y-direction[242].  
The fabrication of the respective freely suspended planar waveguides is possible using 
LiNbO3 membrane structures that have been demonstrated in the previous chapter. The 
waveguides could be realized based on either helium irradiated LiNbO3 or LNOI substrates. 
In any case, the designed waveguide height needs to be met with nanometer precision over the 
entire sample area which is technologically challenging, yet feasible. Nonetheless, a 
successful experimental demonstration of the proposed effects has still to be completed. 
Although the structures are relatively simple to fabricate, a proper optical characterization is 
challenging. The anticipated results would be moderately interesting and a mere proof of 
concept at best. More profound in terms of applicability and scientific impact are 
waveguiding structures that provide also horizontal confinement of the optical modes. Such 
wire-type waveguides are basic elements of integrated optics and can be conveniently 
attached to standard fiber optic characterization equipment. The design, fabrication and 
characterization of these waveguides is discussed in the following sections. 
4.2 Freely suspended wire-type waveguides made from bulk 
LiNbO3 
This section deals with waveguides that are fabricated by IBEE only and that are intended to 
be used as microscopic light sources or imaging probes for microscopy in biology 
applications[170]. The waveguides are made in large quantities and transferred into a liquid 
that can pipetted onto any target material, such as biological samples. Even though their sizes 
are at the nanoscale, nanowaveguides can be used for nonlinear frequency conversion acting 
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as light sources of nonlinear signal. Nanowaveguides from many different materials have 
been reported including CdS[243], GaAs[244]–[246], AlN[247] and GaP[248]. Being 
compact light sources, detached nanowaveguides can be precisely positioned and used for 
nanowire microscopy[249] or local light delivery to excite fluorescent materials[249], [250]. 
Especially semiconductors have been studied for these applications because of their strong 
nonlinearity[4], [251] and straightforward chemical synthesis[252]–[254] [27–29]. However, 
the applicability is limited because most semiconductors have a large absorption in the visible 
wavelength range. This drawback can be compensated by using LiNbO3 which has the 
required transparency, strong optical nonlinearity and bio-compatibility[255]. For the purpose 
of local light delivery in biological imaging applications LiNbO3 nanowires usually are 
chemically synthesized[168], [256]–[258]. In contrast to top-down approaches the shape and 
crystal orientation cannot be controlled. Such synthesized particles have a broad size 
distribution making quantitative studies of their optical properties very difficult. Therefore, 
we developed a deterministic patterning technique that is based on lithography and 
subsequent IBEE of the LiNbO3 substrate. In contrast to similar top-down approaches using 
FIB or other dry-etching techniques[131], [138], [259], IBEE allows for the realization of 
freely suspended waveguides[250]. These waveguides can be detached from the substrate and 
brought into a liquid that can be easily pipetted onto any sample surface.  
4.2.1 Fabrication by IBEE and process simulation 
The sample fabrication starts with a wafer of congruent x-cut LiNbO3 with a thickness of 
1 mm. At first layers of SiO2 (1000 nm), chromium (80 nm) and resist (300 nm, ZEON 
ZEP520A) were deposited on the surface (Figure 18(a)). The nanowaveguides are arranged 
parallel to each other forming a grating-like structure. This pattern is transferred into the resist 
by means of EBL (Figure 18(b)) and, subsequently, into the masking layers by RIE (Figure 
18(c)). The resulting mask defines where the argon ions are irradiated into the LiNbO3 
substrate(Figure 18(d)). The irradiation was performed at energies of 600 keV with a fluence 
of 7.2∙1014cm-2 and 350, 150, 60 keV with a fluence of 1.38∙1014cm-2. The irradiation is 
designed to form a homogenous damaged layer from the surface down to 500 nm. Next, the 
fused silica and chromium layers were removed by wet etching (Figure 18(e)) followed by the 
helium ion irradiation with an energy of 285 keV and a fluence of 5∙1016cm-2 at a temperature 
of 100 K (Figure 18(f)). The helium ion irradiation forms a buried damaged layer with a 
thickness of 450 nm that exactly connects with regions damaged by the preceding argon ion 
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irradiation. The sample was thermally annealed at 300°C for 30 min and etched in diluted HF 
(3.7%) at 40°C for 20 min. The etching removes the irradiated portions of the substrate 
resulting in the final pattern of narrowly spaced freely suspended nanowaveguides (Figure 
18(g)). As a last step, the samples was again thermally annealed for 1 hour at 500°C to 
completely restore the crystalline structure. SEM images of the final structure are shown in 
Figure 19. 
 
Figure 18: Schematic of nanowaveguide fabrication by ion beam enhanced etching. (Figure from [260]: 
R. Geiss et al. Nanotechnology 27, 065301 (2016)) 
The outlined fabrication process suggests that generally any EBL patterned structure can be 
realized, especially very narrow waveguides. Nevertheless, the shape of the resulting 
nanowaveguide cross-sections seemed to be limited. A waveguide height above 500 nm was 
possible only for waveguide width above 200 nm. To identify the limitations of the process a 
complete simulation of the ion beam irradiation and the wet etching was performed.  
 
Figure 19: Scanning electron microscope image (a) of 20 µm long self-suspended lithium niobate 
nanowaveguides with different widths, (b) cross-section image of a nanowaveguide prepared by focused 
ion beam milling, (c) a typical nanowaveguide deposited on a SiO2 substrate. (Figure from [260]: R. 
Geiss et al. Nanotechnology 27, 065301 (2016)) 
The simulation tool used the defect concentration of the ion beam irradiated LiNbO3 (obtained 
from SRIM) along with the experimentally obtained dependence of the etch rate on this defect 
concentration[27] to compute the final geometry. The simulations are limited to two 
dimensions because the waveguides properties are defined by their cross-sectional shape only. 
Figure 20 shows the defect distributions that were calculated for the argon ion irradiation 
conditions described above and for mask widths of 120 nm, 80 nm and 60 nm. From these 
defect distributions, the final shape of the waveguide cross-sections, especially their widths 
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and heights, have been deduced. The inset in Figure 21 shows several waveguide cross-
sections for mask widths between 50 nm and 1000 nm. It is clearly noticeable that the 
waveguide height decreases when its width is smaller than 200 nm. Figure 21 shows the 
aspect ratio (height/width) of the final nanowaveguide as a function of the mask width. The 
highest aspect ratio of 4 is obtained at 50 nm width. It decreases as the widths increase. Also, 
the curve is composed from two different decays (red dashed and green dotted lines) that 
intersect at the width of 200 nm. The break at 200 nm occurs because the height of the 
waveguide reaches 500 nm which is the maximum and pre-defined by the helium ion 
irradiation conditions. Therefore, for widths larger than 200 nm the height is fixed (green 
dotted line). For widths smaller than 200 nm, the height of the waveguide is additionally 
affected by the argon ion irradiation (red dashed line), which becomes evident from the spatial 
defect distribution after the argon irradiation, see Figure 20. Starting from the surface, the 
damaged regions reach down perpendicularly forming a sharp interface between irradiated 
and non-irradiated material. At a depth of around 200 nm, the interface regions significantly 
broaden such that the damaged regions are undercutting the masked areas. This kind of 
broadening takes place on both sides of the mask. As the mask width is reduced the interface 
regions overlap and the respective defect concentrations sum up reaching the threshold for 
etching. At a mask width of around 60 nm, this overlap is complete and the shape of the 
waveguide is exclusively determined by the argon ion irradiation. This effect, when 
superimposed by the helium ion irradiation, explains the width limit of 200 nm. These 
theoretical findings were confirmed experimentally. The SEM image in Figure 19 shows a 
cross-section of one of the wires confirming good agreement with the predicted shape. So far, 
nanowaveguides with widths down to 50 nm and with lengths of up to 100 µm have been 
realized. By further optimizing the irradiation conditions as well as shape and size of the 
patterned masking layer this limit can be pushed even further. The presented fabrication 
process in combination with the simulation tool allows to precisely tailor the shape of the 
waveguides on the nanoscale. 
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Figure 20: Calculated spatial distributions of the normalized defect concentration induced by the argon 
ion irradiations with mask widths of 120, 80 and 60 nm. (Figure from [260]: R. Geiss et al. 
Nanotechnology 27, 065301 (2016)) 
 
Figure 21: Calculated dependence of the height to width ratio of the nanowaveguides on the irradiation 
mask width. The height below 200 nm are mostly determined by the argon ion irradiation (red dashed 
line), while above 200 nm the helium ion irradiation is limiting the height (green dashed line). The height 
to widths ratios are taken from the cross-sections of the waveguide calculated for different mask widths 
(inset). (Figure from [260]: R. Geiss et al. Nanotechnology 27, 065301 (2016)) 
4.2.2 Optical characterization 
The optical characterization was performed on single nanowaveguides that have been 
detached from the patterned chip by sonication in ethanol. A droplet of this nanowaveguide 
fluid was pipetted onto a transparent substrate where the ethanol is evaporated leaving behind 
well separated waveguides, see Figure 19. Chips cut from a silica wafer were used as 
substrates. To allow for charge dissipation during intermediate SEM or FIB inspection a 
10 nm thick conductive indium tin oxide layer is deposited on the substrates initially.  
To characterize SHG from the wire, an optical transmission microscope was used[245]. The 
FH pump beam comes from a titanium-sapphire laser with 283 fs pulse duration, 760 nm 
wavelength and 80 MHz repetition rate. The laser was directed normal to the substrate 
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surface, perpendicular to the nanowaveguide. The light is focused to a diameter of 5 µm on 
one end of the nanowaveguide. The generated SH from the other end is imaged onto a very 
sensitive electron-multiplied charge-coupled device (EMCCD) camera. Polarization control is 
also included in the setup to match the incident polarization with the crystal orientation of the 
LiNbO3 for maximal output signal. Band-pass filters centered at 470 nm with a bandwidth of 
± 110 nm are placed in front of the EMCCD to suppress the pump and any unwanted 
radiation.  
At first, waveguides with widths of 450 nm to 600 nm were tested with the pump beam 
having an average power of 85 mW. Figure 22(a) shows a white light image of the waveguide 
indicating the input facet. Before inserting the band-pass filter waveguiding of the FH could 
be observed clearly. Figure 22(b) shows an image of the SH light from the EMCCD. SHG 
from the propagated FH in the waveguide can be seen at the output facet. The SH signal at the 
input can be attributed to surface effects from the focused FH in this area. Tuning the FH 
power and recording the SH signal from the calibrated camera images, a quadratic 
dependence of SH on the FH power can be obtained, confirming the second order nonlinear 
effect, see Figure 22(c). For several similarly shaped waveguides under test, the detected SH 
typically amounts to several nW[261]. The smallest waveguide under test had a cross-section 
area of approximately 250 nm by 300 nm and a length of 30.5 µm, see Figure 23. The 
generated SH with a power of 62.7 fW is shown in Figure 23 and was recorded at the output 
facet of the waveguide. The corresponding average pump power at the input facet was 
68 mW.  
 
Figure 22: (a) Optical microscope image of a nanowaveguide, the area where the fundamental input field 
is focused is marked with a circle. (b) Optical microscope image of the SH light generated at the 
nanowaveguide input and propagated SH light at the output. The dashed line shows the position of the 
nanowaveguide. (c) SH signal at the NW output is plotted as a function of the incident power. The dots 
indicate the experimental results, the solid line is a quadratic fit and the error bars correspond to 
uncertainties when choosing the camera pixels for signal integration. (Figure from [250]: A. Sergeyev, 
R. Geiss et al., Opt. Express 21, 19012 (2013)) 
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Figure 23: (a), (c) Scanning electron microscope images of a nanowaveguide placed on a neutral SiO2 
substrate. (b) EMCCD image of the nanowaveguide end facet showing the SH signal generated and 
guided in the waveguide, the dotted line shows the position of the waveguide.  
The way this experiment is set up reflects the requirements of the targeted imaging 
applications in biological samples and does not allow the precise quantification of the 
waveguide properties. At first, it has to be pointed out that the waveguide facets did not 
receive any additional treatment and are randomly shaped after being detached by sonication. 
Therefore, the coupling of the light at the input and output is not deterministic and relies on 
scattering only. Hence, the measured scattered SH signal, although given quantitatively, 
should not be understood as a measure for the actual conversion efficiency of the waveguide. 
Besides these systematic limitations another limiting factor for the efficiency seems to be the 
surface roughness of the waveguide causing scattering of the SH along the waveguide[247], 
[262]. In conclusion, however, it was demonstrated that the waveguides indeed show the 
expected nonlinear properties. The presented waveguides can be seen as deterministic 
counterparts to chemically synthesized nanowires[168], [243] because of their size, their 
freely suspended arrangement and their sufficiently large conversion efficiency.  
4.3 Wire-type waveguides on LNOI substrates 
The waveguides presented in this section are intended for applications in integrated optics for 
light delivery to functional optical elements or for frequency conversion. In contrast to the 
preceding section, the waveguides are not meant to be detached and, instead, are required to 
be located at the substrate surface. Another requirement is a large integration density which 
makes high index contrast waveguides with cross-sections below 1 µm² and small bending 
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radii an important component. Also, the efficiency of nonlinear frequency conversions can be 
significantly enhanced using the modal properties of the nanoscale waveguides[263]–[265]. 
The most common material platform for nonlinear nanowire waveguides for integrated optics 
is silicon. Lots of experimental studies have been reported that demonstrated for example 
parametric amplification by four-wave mixing[266], supercontinuum generation[267], [268] 
and generation of entangled photon pairs[269], [270]. Owing to larger nonlinear coefficient, 
materials with second order nonlinearity such as LiNbO3 would be advantageous. But in 
contrast to silicon or other semiconductor materials used in integrated optics[271]–[274], the 
patterning technologies for LiNbO3 are not as manifold and as far advanced. In this section, 
the realization of a nanoscale waveguide on LNOI substrate by IBEE is presented. In the past, 
similar waveguides structures have been presented in LiNbO3 fabricated by dry etching[57], 
[59]. Also FIB could be used but is not considered here because it is impractical for the 
fabrication of millimeter long devices. A general limitation of dry etching LiNbO3 are the 
inclined side walls of the patterns[122], [127], [130]. Because of the relatively low etch rates 
the mask material degrades and shrinks. The shrinkage along with the usually very isotropic 
etching causes the sidewall inclination. The effect can be avoided and reduced by local 
alteration of the substrate properties that increases the etch rate locally, for example by proton 
exchange[125] or ion beam irradiation[25]. 
Here, a fabrication scheme is presented to realize LiNbO3 nanoscale waveguides with 
rectangular cross-sections from an LNOI substrate. To further confine the modal field inside 
the waveguide, the SiO2 substrate was partially under-etched. The patterning was done by 
IBEE where the final wet etching step used KOH to protect the SiO2 substrate layer[176], 
[226]. 
4.3.1 Fabrication by KOH based IBEE 
The fabrication is based on LNOI substrates that were diced to a chip size of 10 x 10 mm². A 
schematic of the process is shown in Figure 24. The top LiNbO3 layer was etched by ion 
beam etching to a height of 530 nm corresponding to the final waveguide height and allows 
good vertical confinement of the interacting modes of FH and SH. As a mask for ion beam 
irradiation layers of SiO2 and Cr with 1 µm and 80 nm thickness were deposited on the 
substrate. For EBL, a 300 nm layer of ZEON ZEP520 was spun onto the chip followed by the 
electron beam exposure. In this way, groups of waveguides with different widths were formed 
in the resist. This resist pattern was etched into the mask layers by standard dry-etching. The 
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finalized patterned mask was irradiated with a series of argon ions having energies of 60, 150, 
350 keV at a fluence of 14 20.92 10 cm  and 700 keV at a fluences of 14 24.8 10 cm . This 
irradiation was designed to homogeneously damage the LiNbO3 down to 500 nm depth which 
leaves a thin layer of 30 nm at the interface to the SiO2 unaffected. As a consequence of the 
ion beam irradiation the volume of the target material expands. This expansion leads to 
significant mechanical stresses building up at the interfaces of irradiated and non-irradiated 
material[158]. Along with the ion beam induced damages, these mechanical stresses lead to a 
local enhancement of the etch rate[46]. This added effect, in the given waveguide layout, is 
present along the sidewalls of the waveguides. In the end, the combination of ion beam 
induced and stress induced etching causes the thin bottom LiNbO3 layer to be opened down to 
the SiO2 along the waveguides. After the ion beam irradiation, the chip was diced to a 
waveguide length of 1 mm followed by optical grade polishing. The irradiation mask was 
removed by chemical wet etching. For the SiO2 a HF based etching solution was used that 
also partially under-etched the SiO2 layer between the LiNbO3 substrate and the LiNbO3 thin 
film. This etching affected the entire circumference of the chip and leads to a noticeable 
semidetached arrangement of the waveguides near the facets. Since the lateral extent of the 
underetching is only around 1 µm the optical functionality of the millimeter long waveguide 
remains unaffected. The wet etching of the ion beam irradiated areas was done by KOH 
having a concentration of 50% (percentage by weight) and a temperature of 65°C. The etch 
rate for these conditions is approximately 200 nm/s, nonetheless an etch time of 15 min was 
chosen to guarantee complete etching of the sample. Because the selectivity of the KOH 
based IBEE is very good, a longer etch time does not affect the quality of the sample. The 
final etching step was a 1 min dip in the HF based silica etching solution which etches the 
SiO2 underneath the top LiNbO3 layer through the openings in the LiNbO3 film along the 
waveguides. The final patterns are shown in Figure 25. 
 
Figure 24: Schematic of the KOH based IBEE process for nanowaveguides on LNOI substrates. (Figure 
from [176]: R. Geiss et al., Opt. Lett. 40, 2715 (2015)) 
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Figure 25: Scanning electron microscope images of waveguides made from LNOI. The waveguides have 
a height of 530 nm and widths of (a) 570 nm and (b) 220 nm. (c) Group of waveguides with different 
widths at the sample edge showing the underetching. (Figure from [176]: R. Geiss et al., Opt. Lett. 40, 
2715 (2015)) 
With the presented technique, waveguides with widths down to 220 nm have been realized. 
According to the findings in the preceding section, see Figure 20, the displacement 
distributions from the argon ion-irradiations extend under the mask. Given the mask is very 
narrow, the displacement distributions from both sides overlap causing undercut sidewalls 
and, after etching, an unwanted complete underetching and detachment of the waveguide 
from the substrate. Taking these effects into account, a waveguide width of around 200 nm is 
the lower limit for these processing conditions. The irradiation conditions could be slightly 
modified to further decrease the width but the expected improvement would be insignificant.  
4.3.2 Optical characterization  
For the optical characterization a waveguide was chosen that allows for phase-matched SHG 
in the telecom wavelength range around 1.5 µm. The tested waveguide had a thickness of 
530 nm, a width of 1.2 µm and was 0.9 mm long. A numerical mode analysis revealed that the 
most efficient SHG occurs between the TE00 mode of the FH and TM20 mode of the SH. The 
corresponding effective refractive index is nSH=nFH=1.9439 with the phase-matching 
condition fulfilled at λ=1.413 μm. In this configuration, the SHG is mediated by the d31 
nonlinear coefficient of LiNbO3.  
For the experimental characterization a lensed optical fiber was positioned at the front facet of 
the waveguide. The positioning was done by a piezo stage and monitored through an optical 
microscope from the top. The FH light came from a fiber coupled cw tunable laser followed 
by a fiber polarizer. The end facet of the waveguide was imaged on cameras for SH and FH 
using a microscope objective. The separation of FH and SH beam at the output was done by a 
dichroic mirror. The FH and SH powers at the output were measured either by integrating the 
camera images or using power meters. The results are plotted in Figure 26. Figure 26(a) 
shows the FH wavelength dependence of the normalized SH power. Within the tested 
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wavelength range of 200 nm width a peak of the SH power can be found at the phase-
matching wavelength. To give proof that the measured signal is SHG, the power dependence 
was tested with the FH set to the phase-matching wavelength of 1.411 µm. The results are 
shown in Figure 26(b). A quadratic fit of the data points confirms that the generated signal is 
SHG.  
 
Figure 26: (a) Experimental and calculated SHG efficiency plotted as a function of the FH input 
wavelength. (b) Plot of the SH power as a function of the FH input power showing a quadratic 
dependence. (c) Spectra of FH and SH with Fabry Perot fringes for the estimation of the losses. (Figure 
from [176]: R. Geiss et al., Opt. Lett. 40, 2715 (2015)) 
Besides the nonlinear properties of the waveguide also the linear properties were tested. The 
linear losses of the FH mode were calculated from the contrast of the Fabry Perot fringes 
originating from the reflections at the end facets of the waveguide[275]. Figure 26(c) shows a 
close up view of the FH and SH signal. The free spectral range of this resonator was around 
0.5 nm corresponding to a resonator length of 1 mm which is in good agreement with the 
actual sample length. The fringes of the SH signal were generated from the FH signal. They 
were not a resonance effect of the SH for which a four times smaller free spectral range would 
be expected. For the FH a loss of 61 dB/cm was calculated from the contrast of the fringes. 
This relatively high loss was attributed to surface roughness and the respective strong 
interaction of the modes with the sidewalls of the waveguides[274]. 
To quantify the conversion efficiency of the SHG, FH and SH were measured at the phase-
matching wavelength. Taking into account the transmission properties of all involved optical 
components, the FH power at the input facet amounts to 737 µW. The generated SH is 
305 pW, which corresponds to an efficiency of 6.9%W-1cm-2. Compared to a lossless 
waveguide of the same dimensions the resulting efficiency is 44 times smaller. The linear loss 
of the SH mode can be calculated by comparing the maximum theoretical efficiency with the 
measured efficiency, resulting in a loss of 256 dB/cm. Using all these results, a theoretical SH 
spectrum was calculated and superimposed with the experimental data, see Figure 26(a). The 
theoretical curve had to be shifted by -3 nm to perfectly overlap with the measured one. 
However, good agreement between theoretical and experimental data can be stated. It can, 
hence, be concluded that the technological approach to fabricate nanoscale waveguides on 
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LNOI substrates by KOH based IBEE resulted in the realization of devices showing the 
expected nonlinear properties. The efficiency of the nonlinear frequency conversion is 
comparable to earlier experimental works[276]. With the presented approach, in contrast to 
dry-etched waveguides[57], rectangular cross-section can be realized. They enable the 
controlled positioning of waveguides very close to each other allowing for reliable evanescent 
coupling which is needed for waveguide couplers in integrated optics or for the realization of 
complex waveguide arrays[277]. The demonstrated waveguides show the great potential of 
patterned LNOI substrates for applications in integrated nanooptics.  
4.4 Photonic crystal waveguides 
Photonic crystals attracted a lot of attention in the past decades because they allowed to 
control the propagation of light on a very small scale[178]. Especially the combination of 
photonic crystals with a substrate material that has a large optical nonlinearity gives rise to a 
large number of interesting phenomena and possible applications[278]. In the beginning, 
studies in this field were carried out mostly numerically. The first experimental studies were 
conducted with photonic crystals made from semiconductor materials having third order 
nonlinearities. More efficient nonlinear effects are expected for second order nonlinear 
materials such as LiNbO3. This was confirmed by both, theoretical[141], [279]–[284] and 
experimental[56], [70], [102]–[104], [109], [285], [286] studies which demonstrated the great 
potential of photonic crystal devices based on LiNbO3. Nevertheless, in comparison to other 
optical materials which were extensively studied experimentally in the field of photonic 
crystals, LiNbO3 still is underrepresented. Whereas most other materials are compatible with 
standard semiconductor microstructure technology, LiNbO3 is chemically very stable 
requiring adapted fabrication methods like IBEE. 
In this section, the fabrication of a photonic crystal waveguide is presented based on a given 
IBEE based process[60]. It is the intention of this section to give a basic demonstration of the 
optical functionality of a photonic crystal membrane. In particular, the light propagation in a 
single-line defect photonic crystal waveguide was studied at NIR wavelengths. The 
propagation was recorded by a SNOM with subwavelength resolution. The propagation 
constants of the Bloch modes and thus the band diagram of the photonic crystal were 
calculated from the measurement data. The results of these measurements were compared to 
numerical data. Although LiNbO3 is a nonlinear material, testing of the nonlinear properties is 
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outside the scope of this section. The focus is on the linear optical properties. The results from 
this section, however, will be the basis for the design of nonlinear photonic crystal devices 
presented in chapter 5. The main results of this section have been published in Ref. [287]. 
4.4.1 Sample layout and fabrication 
The realization of a planar photonic crystal structure requires not just an array of air holes that 
represents the photonic crystal, but also a mechanism for the vertical confinement of the light. 
The mechanism finds its technological representation in planar waveguides made for example 
by annealed proton exchange[288], LiNbO3 thin films from pulsed laser deposition[102] or 
crystal ion slicing[56]. It is common to these approaches that the refractive index contrast 
between the LiNbO3 layer and the remaining substrate is relatively small. Consequently, the 
confinement of the waveguide mode is weak resulting in an inefficient interaction with the 
photonic crystal pattern. Therefore, the ideal situation with a maximum refractive index 
difference is a freely suspended membrane containing the photonic crystal pattern surrounded 
by air. This type of structure can be fabricated by IBEE in either LiNbO3[60] or LNOI[110], 
[289] substrates on wafer scale, which is an important advantage compared to the mostly FIB 
based approaches reported so far[115], [116].  
The waveguide structures were fabricated similar to the process illustrated in Figure 18. The 
substrate material was a 15 by 15 mm² chip x-cut LiNbO3. At first, a layer of SiO2 was 
deposited by CVD with a thickness of 1 µm, followed by PVD of an 80 nm chromium layer. 
The photonic crystal pattern was written by EBL in a layer of 300 nm resist (ZEON 
ZEP520A). After development of the resist, the chromium was patterned through the resist 
mask by RIE. The patterned chromium was then used as a mask for the dry etching of the 
SiO2 by ICP-RIE. The patterned chromium and SiO2 layers were used as a mask for the 
subsequent irradiation with argon ions (60, 150, 350 keV at fluences of 14 20.92 10 cm  and 
700 keV at 14 24.8 10 cm ). The energy and fluences of this ion-irradiation were set up to 
result in a homogeneous damage of the LiNbO3 substrate from the surface down to the 
targeted membrane thickness. The next ion-irradiation was carried out using helium ions 
(285 keV and a fluence of 16 25 10 cm ), after the patterned masking layer was removed by 
chemical wet etching. The helium irradiation lead to a buried damaged layer in the LiNbO3 
that is connected to the damaged regions from the previous argon irradiation. During the 
helium irradiation, the substrate was cooled to 100 K to avoid bubble formation and cracking 
of the surface. In order to further sharpen the depth profile of the induced defects after the 
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helium irradiation, the sample was thermally annealed at 300°C for 30 min. Before the final 
wet etching, the sample facets were polished. To protect the sample edges from cracking 
during the polishing, a 4 µm thick layer of SiO2 was deposited on the sample surface. In this 
way, the sample edge was elevated and possible cracks were forming in the SiO2 layer, while 
the edge of the LiNbO3 sample is covered and intact. After polishing, the SiO2 layer was 
removed by selective wet etching. It followed the final wet etching of the amorphous LiNbO3 
in diluted HF (4%, 40°C). At first the holes were etched and then, through the holes, the 
membrane underneath. The extent of underetching is controlled by the etch time, whereas the 
height of the air gap is given by the helium irradiation. In the end, the sample was thermally 
annealed for 1 h at 500°C to remove any residual damage and to achieve complete restoration 
of the crystal structure.  
The final structure was a so-called W1 photonic crystal waveguide consisting of an array of 
hexagonally arranged air holes, where at the position of one row in the ΓK direction no holes 
were etched. The period of the photonic crystal was 620 nm with a hole diameter of 310 nm. 
The orientation of the waveguide axis was along the crystal z-axis. The membrane height was 
450 nm and the height of the air gap between substrate and membrane was 500 nm. An SEM 
image of the photonic crystal waveguide is shown in Figure 27. 
 
Figure 27: Scanning electron microscopy image of a W1 photonic crystal waveguide in a LiNbO3 
membrane. The polished sample edge is shown. 
4.4.2 Optical characterization by SNOM 
In order to map the field distribution in the waveguide and the surface topography at the same 
time, a SNOM was used in collection mode. Light from a broadly tunable cw laser source 
(1260 to 1630 nm, 2 mW) was coupled to the waveguide using a lensed optical fiber. The 
photonic crystal waveguide had a photonic bandgap for TE polarization only. Hence, a fiber 
coupled polarization control was added between the laser and the lensed fiber tip to control 
the input light’s polarization. In order to collect the optical near-field from the sample surface, 
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a dielectric SNOM tip was placed few nanometers above the sample surface using shear force 
detection. The surface of the waveguide was scanned approximately 100 µm away from the 
front facet to avoid any scattering effects from the coupling region that would possibly disturb 
the measurement. The signals from the SNOM tip were recorded by a fiber coupled InGaAs 
detector while the sample topography was recorded at the same time using the shear force 
regulation of the SNOM. Figure 28 shows the resulting images for the wavelengths 1400 nm 
and 1550 nm. The images clearly show the localization of light along the line defect and a 
significant wavelength dependence of the field distributions. The recorded fields, according to 
[208], originate from the interference of several waveguide modes, which leads to the 
periodicity in the fields. The field that is collected by the SNOM above the surface, along the 
waveguide axis can be described as[290]: 
 ( , , ) ( , ) exp[ ( ) ].m
m
E x y z B u x y i mK z       (14) 
The coordinate system was defined according to the crystallographic system. The surface 
normal is oriented along x, while y and z are in the photonic crystal plane with z parallel to the 
waveguide axis. 0; 1; 2;...m     , B is the background signal, 2 /K a   is the z component 
of the reciprocal lattice vector with the period a.  is the propagation constant of the Bloch 
mode with amplitude mu . The observed field distribution is an interference caused by the 
SNOM detection of small signals that form a quasihomogenous background B[291]. The 
SNOM fiber collects plane-wave components of the near-field. The contribution to the 
collected signal depends on the magnitude of the projection of the wavevector on the surface 
plane[291]. The efficiency is particularly small for large magnitudes of the projected 
wavevector[292]. The resulting SNOM images, especially those of photonic crystal 
waveguide modes with a large effective index, are therefore significantly influenced even by 
weak scattered light signals. This influence is coherent and strong for fields with small wave-
vector projections resulting in an interference pattern that is superimposed on the actual 
waveguide mode. The irregularity of the resulting interference pattern is a result of the 
different participating plane-wave components that should approximately resemble an optical 
field propagating away from the surface with zero wavevector projection and, thus, 
constituting the homogeneous coherent background[291]. 
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Figure 28: Topography and optical near-field of W1 photonic crystal waveguide obtained by SNOM for 
excitation wavelengths of (a) 1400 nm and (b) 1550 nm. 
The intensity of the optical near-field that is collected by the SNOM mainly consists of the 
spatial frequency components   and ( )K   . For a waveguide that supports several Bloch 
modes with propagation constants 1 , 2 , and 3  the signal harmonics are expected to be 
dominant at 1 , 2 , 3 , 1( )K   , 2( )K  , and 3( )K  . Information about the occurrence 
of these spatial frequencies in the waveguide can be extracted from the SNOM images that 
were recorded for different excitation wavelengths. A one-dimensional Fourier transformation 
was performed along the line defect that revealed the spatial frequencies clearly. Figure 29 
shows the respective spectra for two excitation wavelengths. Figure 29(a) shows the spectrum 
for a wavelength of 1400 nm with a small number of peaks which corresponds to a single 
Bloch mode supported by the waveguide. A greater number of peaks corresponding to 
multiple Bloch modes was found for a wavelength of 1550 nm, see Figure 29(b). It is 
common to all the acquired spatial frequency spectra to have a characteristic peak at the 
frequency K  representing the lattice vector. Peaks labelled with an asterisk could not be 
identified clearly and are omitted from the evaluation. They originated probably from 
cladding modes being excited by the input field that was not properly mode-matched to the 
waveguide. According to[293], the peaks with frequencies 12  and 2( 2 )K    are attributed 
to backward propagating waves. The spatial frequencies obtained from these peaks have been 
related to Bloch modes by comparing them with a calculated band diagram (Figure 30). The 
band diagram was computed for TE-polarization using the 3D finite-element method (FEM). 
In the plot in Figure 30, the black squares represent the fundamental mode 1 , red dots and 
blue triangles represent the higher order modes 2  and 3 . The error bars were estimated 
from the scan size of the SNOM image and the diameter of the tip apex. From the plot in 
Figure 30 it can be concluded, that the modes predicted from the band diagram have been 
excited in the experiment.  
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Figure 29: Fourier transforms of the optical near-field intensity along the line defect at (a) 1400 nm and 
(b) 1550 nm. 
 
Figure 30: Band diagram calculated for TE-polarization of a W1 photonic crystal waveguide. Black 
curve: fundamental waveguide mode, red curve: higher order mode, shaded area: continuum of modes, 
black square correspond to the spatial frequency β1, red circles to β2 and blue triangles to β3. (Figure from 
[287]: R. Geiss et al., Appl. Phys. Lett. 97, 131109 (2010)) 
Although not ideally suited, the SNOM setup was also used to measure a transmission 
spectrum of the photonic crystal waveguide. To record the transmitted light, the SNOM tip 
scanned an area of 4 × 4 µm² located on the line defect and 100 µm away from the input. The 
measured intensity was continuously accumulated while the wavelength at the input was 
tuned from 1260 to 1630 nm. The resulting transmission spectrum is plotted in Figure 31. The 
comparison with a calculated spectrum (3D FDTD) shows good agreement between 
theoretical and experimental results, where the minor deviations are due to imperfections of 
the photonic crystal. 
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Figure 31: Measured and calculated transmission spectra of a W1 photonic crystal waveguide. The 
spectrum was recorded 100 µm away from the waveguide input. Both spectra have been normalized for 
comparison.  
In summary, light guiding and confinement was experimentally demonstrated in a free-
standing LiNbO3 membrane comprising a photonic crystal waveguide. It was further shown 
that the band diagram and the transmission spectrum agree well with the calculations. In this 
way, it was proved that the numerical methods and the material parameters used therein are 
suitable for the modelling of complex photonic structures in LiNbO3. This result is an 
important requirement for the further development of even more involved patterns. Such 
patterns include for example photonic crystal resonators, which will be the focus of chapter 5.  
4.5 Plasmonic nanowaveguides - design considerations and 
fabrication 
In this section, a brief introduction of the physics of plasmonic waveguides will be given 
along with results of numerical modelling (taken from [294]) and the resulting implications 
for a specific device design. Based on the wire-type waveguides on LNOI substrates 
presented in section 4.3 a fabrication process was developed that is capable to realize 
plasmonic waveguides according to the designed parameters. 
Plasmonics is an important research area since many years. By using localized plasmonic 
resonances of metallic nanostructures, an electromagnetic field can be strongly confined to a 
very small volume. In this way, light can be localized far below the classical diffraction limit 
enabling nanoscale integration of future optical devices[295]. In addition to that, the 
confinement can also be used to enhance nonlinear optical effects[296], [297]. Especially 
plasmonic waveguides with a nonlinear dielectric core can be used to exploit this 
enhancement. Using LiNbO3 for this kind of application always poses the problem of phase-
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matching of the nonlinear conversion processes. Phase-matching can be done either by QPM 
or, more efficiently, by exploiting the modal dispersion of the interacting waveguide modes in 
the same way as it was introduced in the previous chapter[21], [242], [298]. A well-
established representation of such a structure is the metallic slot waveguide[299] with the slot 
filled with LiNbO3. An experimental realization of this waveguide could have great potential 
for the parametric amplification of a weak low frequency mode using a strong high-frequency 
signal at the SH. In this way, the usually short propagation lengths of plasmonic waveguides 
can be further extended, although the damping may not be fully compensated.  
A theoretical study of the described metallic slot waveguides operated at NIR wavelengths 
around 1.55 µm was reported for silver and LiNbO3[294]. The technological most relevant 
configuration is where the fundamental mode of the FH interacts with the second order mode 
of the SH. The phase-matching condition in this configuration is quite tolerant against 
variations of the slot size. Furthermore, it was found that LiNbO3 waveguides with widths of 
150 to 200 nm and a height of 400 to 500 nm would be sufficient to show the expected 
effects. The thickness of the metal at each side of the waveguide should exceed the skin depth 
of the optical field and, consequently, be several tenths of nanometers.  
It was outlined in the previous sections how nanowaveguides can be fabricated from LNOI 
substrates. Starting from these waveguides, which constitute the dielectric core of the final 
structure, a patterning scheme for the realization of nonlinear plasmonic slot waveguides was 
developed. The plasmonic properties were added to the dielectric ridge waveguide by 
metallization of the waveguide side walls. To allow for the fast development of a suitable 
structuring process, the patterning was done with ridge waveguides that were prototyped 
using FIB. Furthermore and also without loss of generality, the metallization was done with 
gold instead of silver for the first set of samples.  
The sample preparation started with the evaporation of a 50 nm thick layer of carbon on a 
LNOI sample for charge dissipation during FIB milling. Using FIB patterning, a set of 
trenches was milled in the top LiNbO3 layer, where the remaining LiNbO3 ridges between the 
trenches form the waveguides. In terms of precision and the achievable minimum width, the 
previously presented approach using IBEE would have been superior. FIB patterning results 
in rounding of the leading edges of the structure, which are the top edges of the ridge in the 
given structure. This effect can be reduced by deposition of a sacrificial material with low 
sputtering yield, such as carbon, on top of the actual structure. The waveguides under 
investigation had widths of ~300 nm. The metal deposition was done by directional sputtering 
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under oblique incident. The incidence angle was determined by the geometry of the trenches 
adjacent to the LiNbO3 ridge and amounted to 10°. In this way, 50 nm thick layers of gold 
were deposited on each sidewall. Because of the inclined deposition a closed gold film with a 
thickness below 10 nm covered the entire sample. This remaining gold film was subsequently 
removed by IBE. Here again, the carbon film proved to be beneficial, because it acted as an 
etching stop. In this way, the carbon layer prevented over-etching and surface corrugations in 
the LiNbO3 ridge. Eventually, the carbon layer was removed by oxygen plasma etching, thus, 
concluding the processing. The resulting structure is shown in Figure 32. 
 
Figure 32: Scanning electron microscope image of the cross-section of a LiNbO3 nanowaveguide with 
metalized side walls.  
In order to evaluate the structure for optical characterization experiments, the plasmonic slot 
waveguides were fabricated on top of a larger mesa ridge cut in the LNOI substrates by 
circular saw dicing. These large ridges can be as narrow as 20 µm and enable a direct 
transmission measurement through the waveguide, in principle. Generally though, it is outside 
of the scope of this section to provide further evidence for the optical functionality of the 
presented structures. The test setup to be used for this purpose has to be very elaborate. 
Furthermore, the results from such an experiment are foreseeably demanding to interpret 
without strong theoretical support. Nonetheless, the potential for further utilization of LiNbO3 
nanowaveguides in the ever growing field of plasmonics became evident from the presented 
results.  
Chapter summary 
In this chapter, the fabrication and optical characterization of different types of LiNbO3 
waveguides is presented. All of these waveguides were designed to confine the propagating 
optical modes to sub-µm size, which is beneficial for efficient modally phase-matched SHG 
and for a highly integrated optical devices. For local light delivery in biological imaging 
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applications, freestanding waveguides with width down to 50 nm were realized by IBEE in 
bulk LiNbO3 substrates. Also, small ridge waveguides, which can be used for nonlinear 
integrated optics, were patterned by KOH based IBEE at the LNOI substrate surface. Both 
waveguide types were optically characterized and showed efficient SHG. Furthermore, a 
conceptually different type of nanoscale waveguide, which is based on photonic crystals, was 
presented. The fabricated structure was a W1 photonic crystal waveguide patterned by IBEE 
in bulk LiNbO3 substrates. The waveguide underwent an extensive characterization of its 
linear optical properties. Using optical near-field imaging, the Bloch wave vectors and the 
transmission spectrum of such a waveguide was investigated. The experimental data showed 
good agreement with elaborate simulations, which is a basic prerequisite for designing more 
complex photonic crystal structures like the resonators presented in chapter 5. The last 
waveguide type presented in this chapter can be considered a continuation of the initial ridge 
waveguide study with the addition of metallized sidewalls. In this way, a metallic slot 
waveguide with nonlinear core was generated that could be used to parametrically amplify 
propagating plasmonic waveguide modes. In summary, this chapter demonstrated the 
successful implementation of different methods for the nanoscale confinement of propagating 
optical modes in LiNbO3, as well as the verification of their basic optical properties.  
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5 Linear and nonlinear optical properties of 
microsized resonators 
Microsized optical resonators can be used for the concentration of light to a very small mode 
volume where nonlinear optical effects can be enhanced significantly. In this chapter, several 
resonator configurations will be presented. In the beginning, comparatively large microdisk 
resonators will be shown followed by photonic crystal based resonator designs which allow 
for a mode field confinement on the order of a single wavelength.  
5.1 Microdisk resonators 
In this section, the realization of microdisk resonators based on LNOI substrates and their 
initial optical testing will be discussed. In general, microdisk resonators can have very high Q 
factors and, consequently, can be used for a broad range of applications[300], [301]. 
With the focus on the enhancement of nonlinear optical processes many different materials, 
such as diamond[302], GaN[303], GaAs[304], Si[305], SiN[306], SiO2[307] have been used 
as a substrate for microdisk resonators successfully. It has already been discussed that, for 
certain applications, the optical properties of LiNbO3 make it superior to other materials and 
also a suitable choice for the realization of microdisk resonators. Of particular interest for this 
work are only such structures that have been fabricated by planar microstructuring 
technologies, which particularly excludes polished LiNbO3 microdisk resonators[61]. 
It is the aim of this section to demonstrate high-Q factor LiNbO3 microdisk resonators based 
on LNOI substrates. The presented structures were fabricated by means of FIB writing. A 
possibly more suitable approach in terms of resolution and pattern quality would be EBL with 
subsequent IBEE. However, FIB was chosen because the minimum sample size required for 
resist coating for EBL is much larger than the area needed for single microdisk resonators. In 
addition to that, pre-patterned substrates, such as diced platforms, can be patterned directly 
using FIB. In this way, the process is simplified, turnaround times are short and the substrate 
material is economically used. Nonetheless, the process can be easily adapted to EBL and 
IBEE patterning.  
The realization of microdisk resonators is illustrated in Figure 33. The top LiNbO3 layer of z-
cut LNOI substrate had a thickness of 510 nm. Using circular dicing a chip of 1 mm by 2 mm 
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has been cut. The chip had a diced ridge with a width of approximately 100 µm. The ridge 
was formed by successive dicing of narrowly spaced trenches until all material around it was 
removed. For charge compensation during FIB milling, a layer of carbon was evaporated on 
the sample. Subsequently, the substrate was patterned with the FIB (Zeiss, CrossBeam 
NEON60) in connection with the lithography system (Raith ELPHY Quantum). The patterned 
layout consisted of a ring with a line width of 1 µm and diameter of 39.5 µm, where the area 
enclosed by the ring became the microdisk in the end. The area outside the ring was dissected 
by cutting trenches in the top LiNbO3 layer of the substrate. The resulting surface pieces are 
small enough to be completely underetched and washed away by the etchant during the 
following wet etching. The patterns were cut down to the SiO2 layer so that it was selectively 
removed by the SiO2 etching solution (ammonium fluoride – HF mixture). The etch time was 
10 min during which the etchant container was placed in a water bath with a temperature of 
50°C. The final process step was oxygen plasma cleaning for 15 min to remove the 
conductive carbon layer from the sample surface. A SEM image of the resulting disk is shown 
in Figure 33. 
 
Figure 33: Schematic of the fabrication of LiNbO3 microdisk resonators in LNOI substrate and scanning 
electron microscope image of the resulting disk with remaining detached LiNbO3 pieces. 
The following optical characterization was done using a tapered optical fiber. The tapered 
fiber was produced from a SMF 28 fiber with an outer diameter of 125 µm and a core 
diameter of 9 µm by heating and pulling until a thickness of around 1 µm was reached. Since 
a tapered fiber bent into a U-shape was still available, it has been used throughout these 
experiments. Nonetheless, the geometry of the sample chip having a ridge with the microdisk 
on top was intended for the use of a straight tapered fiber that could be positioned orthogonal 
to this ridge and close to the microdisk. The positioning of the bent fiber taper close to the 
disk was monitored by a microscope from the top to ensure good coupling. The coupling 
efficiency between the resonator mode and the guided cladding mode of the tapered fiber 
depends on the spatial mode overlap controlled by the positioning. It also depends on the 
resonance condition of the resonator modes, which is controlled by tuning the wavelength of 
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the incoupled light. To this end, the tapered fiber was connected to a tunable cw, NIR laser 
source. The laser wavelength was continuously tuned between 1520 and 1570 nm. The signal 
that is transmitted through the fiber was recorded using a photodetector. A section of the 
resulting spectrum is presented in Figure 34(a). It shows a large number of resonance peaks 
that correspond to various whispering-gallery modes.  
The position of these modes in the spectrum can be theoretically verified using an analytical 
model. The membrane that is used for patterning the microdisk is thin enough to be a single 
mode planar waveguide. The modes, therefore, can be described in a two-dimensional 
approximation using an effective refractive index of the planar waveguide[289]. The 
resonator supports modes of TEn,m and TMn,m polarization, which are characterized by a radial 
n and azimuthal m mode number. The numbers correspond to the number of nodes of the field 
along radial and azimuthal direction. The resonance positions for the first four radial modes 
have been calculated in the experimentally tested wavelength range and are indicated in the 
plot in Figure 34(a) by dashed lines. Good agreement was found for the TE modes, while 
some of the TM modes could not be reproduced. Also, a number of other resonance peaks are 
present that could be attributed to higher order membrane modes which have not been 
considered in the calculation. The missing TM modes are due to the imperfectly matched 
coupling of the tapered fiber to the disk. In conclusion, however, it can be stated that the 
presented resonator shows a spectral response that can be well described by commonly used 
theoretical methods.  
 
Figure 34: (a) Transmission spectrum of a LiNbO3 microdisk with a diameter of 39.5 µm. (b) Resonance 
peak of a microdisk with a diameter of 19 µm having a Q factor of 105,000. 
In order to use microdisk resonators for enhancement of nonlinear effects, high Q factors are 
usually needed. Using another microdisk having a diameter of 19 µm and a height of 520 nm, 
we found a resonance located at 1563.9 nm with a Q factor of 105,000, see Figure 34(b). To 
exploit the nonlinear optical properties of the microdisk resonator, further numerical 
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modelling was conducted. It was found that modal phase-matching for SHG can be achieved 
for a disk thickness of 520 nm and diameter of 23.4 µm. In this configuration, a TE mode at 
1550 nm and the corresponding TM mode at 775 nm are spectrally overlapping and are 
possessing the same effective refractive index. The spatial overlap, on the other hand, is not 
optimized and might limit the conversion efficiency since the interacting modes differ by two 
radial mode orders. The experimental characterization of SHG in the disk is challenging, 
because the tapered fiber coupling is not optimized for the SHG wavelength. Therefore, in an 
initial attempt, it was not possible to reliably detect SHG from the disk through the tapered 
fiber. However, it was reported for a similar microdisk setup that SH generated from an NIR 
source has been measured through the same fiber[42].  
Nonetheless, it can be concluded positively that the linear optical properties of the fabricated 
microdisk resonators are at least as well as the ones reported recently[42], [71], [160]. Taking 
into account the result from the previous chapter 4 about nanoscale ridge waveguides 
fabricated from LNOI substrates, it can further be concluded that the microdisk geometry can 
be easily transferred to a lithography based patterning approach. The successful experimental 
characterization of microdisk resonator along with IBEE patterning gives rise to the 
realization of much more evolved integrated optical circuit designs.  
5.2 Photonic crystal waveguide cavities 
In this section, the realization of a microsized resonator based on a photonic crystal is 
introduced. The sample layout and the approach for optical characterization can be regarded 
as a continuation of the investigation of photonic crystal line defects[287] which have been 
reported in the previous chapter 4.  
Microcavities in a nonlinear medium such as LiNbO3 can be used for different optical devices 
allowing for SHG or optical parametric oscillation. The basis for the resonator presented here 
was a theoretical study about a microsized optical parametric oscillator based on a photonic 
crystal waveguide patterned in a freely suspended LiNbO3 membrane[280]. The structure 
combines a two-dimensional photonic bandgap with waveguiding in vertical direction 
provided by the membrane. In this way, a confinement of the optical modes in three 
dimensions can be reached. In order to realize high-Q resonators in photonic crystal slabs, 
even in low-refractive index substrates such as LiNbO3, a design rule was proposed[308]. The 
shape of the electric field distribution inside the cavity should slowly vary, ideally resembling 
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a Gaussian function. In this way, out-of-plane losses could be minimized. According to these 
findings, a photonic crystal waveguide was modified by adiabatically changing the diameter 
of the holes in the rows adjacent to the line defect. The actual point defect that was enclosed 
by the modified holes had lengths of N=4 to 6 periods. A schematic of the structure is shown 
in Figure 35.  
 
Figure 35: (a) Schematic of a W1 photonic crystal waveguide resonator. (b) Scanning electron 
microscope image of a LiNbO3 membrane with a W3 photonic crystal waveguide resonator having a 
length of N=4 and a period of 600 nm.  
The initial design proposal for this type of structure was aiming for a resonance located 
around 1550 nm with a relatively high Q. According to first theoretical estimations for a W1 
photonic crystal waveguide resonator with dimensions according to Figure 35, a Q of ~800 is 
expected. In the case of a W3 waveguide resonator of similar layout a Q of ~280 is expected. 
The photonic crystal resonator structures have been fabricated by the same process used for 
the unperturbed photonic crystal waveguides described in the previous chapter and illustrated 
in Figure 18. A chip of 15x15 mm x-cut LiNbO3 has been diced and layers of SiO2 (1 µm) 
and chromium (80 nm) have been deposited. During the following EBL the photonic crystal 
patterns have been written in a layer of resist. The pattern was transferred first into the Cr and 
then through the chromium into the SiO2 by standard dry etching. The resulting patterned 
layer acted as a mask during the subsequent irradiations with argon ions ion (60, 150, 
350 keV at fluences of 14 20.92 10 cm  and 700 keV at 14 24.8 10 cm ). The energies and 
fluences of the argon ion irradiations were adjusted to homogeneously damage the LiNbO3 
crystal to a depth of 450 nm. Starting at this depth, a layer of 500 nm thickness was damaged 
by a helium ion irradiation (285 keV and a fluence of 16 25 10 cm  at 100 K). Prior the helium 
ion irradiation, the masking layer was removed. The sample was then heated at 300°C for 
30 min and etched in HF (4%, 40°C) until the patterned membrane was formed. In the end, 
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the sample was thermally annealed at 500°C for 1 h to completely restore the original 
crystalline structure. An SEM image of the final structure is shown in Figure 35. 
For the experimental characterization of the resonators, the most obvious scheme, where light 
is coupled in and out of the waveguide, could not be used. The waveguides are intrinsically 
lossy which made efficient light delivery to the resonant structure in the waveguide a limiting 
factor. This problem could be avoided by substantial shortening of the waveguide. At the 
time, when the presented structures were investigated, a suitable dicing technology was not 
available. Therefore, the initial optical characterization was approached differently by using 
the same tapered fiber coupling setup that was used for the microdisk resonator 
characterization. Since the tested structures were not elevated with respect to the surrounding 
sample surface, a straight tapered fiber that was oriented parallel to this surface could not be 
used. Instead, a fiber loop was employed. The looped fiber acted as a microscopic probe that 
can be positioned across the sample surface. It was fabricated by heating and pulling the fiber 
to form a tapered region of ~1.3 µm diameter. After the fiber was pulled, one end of the fiber 
was rotated which caused a twisting in the tapered region and the formation of a loop with a 
diameter below 1 mm. The apex of the loop was aligned to be in close proximity to or in 
contact with the position of the resonator structure in the waveguide. The alignment was 
controlled by a microscope from the top. The fiber was connected to a cw laser source that 
was continuously tuned in the NIR wavelength range. The reflected and the transmitted 
optical signals at each end of the tapered fiber were recorded. Although the polarization in the 
fiber could be controlled by the respective fiber optic components, the actual polarization 
state at the resonant structure remained undefined. The polarization was adjusted such that a 
clear resonance peak was observed. An example of a recorded spectrum from a W3 
waveguide resonator with N=4 is given in Figure 36. A very broad resonance (Q=111) was 
observed near the anticipated spectral position at 1542 nm. A similar behavior was expected 
for the W1 waveguide resonator, but it could not be verified experimentally. Generally, the 
characterization with a tapered fiber is not precise enough leading to an undefined coupling 
between tapered fiber and resonator. This is possibly caused by the inaccurate positioning of 
the fiber loop (distance from the surface, orientation along the waveguide) and, consequently, 
insufficient phase-matching between the resonators and fibers optical modes. Therefore, 
another approach was chosen to complement the findings, particularly for the W1 waveguide 
resonator. Light was coupled in the waveguide through a lensed fiber at the polished input 
facet. Similar to the characterization of the plain photonic crystal waveguide, a SNOM 
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recorded the optical near-field around the resonator for different wavelengths. The dielectric 
SNOM tip was then used to locally collect light scattered from the resonator while the 
wavelength of the incoupled light was tuned. In this way, transmission spectra (see Figure 26) 
of the resonator were recorded for a W1 waveguide with N=6. A resonance at 1529 nm with a 
Q factor of 380 was found. From the theoretical and experimental findings it can be 
concluded that the proposed waveguide resonator design, although functioning, has certain 
systematic drawbacks that may impede a complete characterization of the linear and nonlinear 
optical properties. These drawbacks are especially related to the undefined or inefficient 
coupling of the various “optical probes” to the resonator mode: the coupling between tapered 
fiber and waveguide was not well-defined, the vertical light emission for the inspection from 
the top was inefficient and the originally intended measurement through the photonic crystal 
waveguide was complicated by its inherently high losses. Based on these findings, a 
continued theoretical study to find further optimized geometries seemed unnecessary. Instead, 
a new resonator design was used, which accounted for the solution of the aforementioned 
shortcomings and which is the subject of the following section.  
 
Figure 36: (a) Transmission and reflection spectra from a looped tapered optical fiber placed on a W3 
photonic crystal waveguide resonator (N=4), the resonance is located at 1542 nm with a Q factor of 111. 
(b) Spectrum of scattered light from a W1 photonic crystal waveguide resonator (N=6) collected through 
a dielectric SNOM tip, the resonance is located at 1529 nm with a Q factor of 380 (solid line: 
experimental data, dashed line: Lorentzian fit). 
5.3 Photonic crystal L3 cavities 
In this section, the design, fabrication and characterization of L3 photonic crystals is 
presented. The sample layout was developed based on the findings from the previous section. 
It has been optimized for simplified experimental characterization of the optical function. The 
respective samples were fabricated by FIB milling in both, LNOI substrates and helium ion 
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irradiated LiNbO3. The final optical characterization was done using cross polarized resonant 
scattering and second harmonic generation detection.  
5.3.1 Design considerations 
The general design idea is to have a small volume structure that strongly confines an optical 
mode with a large Q factor[308]. This can be achieved, for example, by a point like defect in a 
2D photonic crystal patterned in a slab with a thickness in the order of the wavelength. In 
such a configuration, the light is confined in the vertical direction by waveguiding in the slab 
and horizontally by the 2D photonic bandgap[309], [310]. In an hexagonal lattice, this can be 
done by omitting few holes along the ΓK-direction. In this work, usually three holes are 
omitted constituting an L3 cavity. In order to make such a cavity suitable for practical 
applications it needs a high Q factor and, at the same time, some means to efficiently couple 
light in and out. The fulfilment of both requirements demands certain modifications in the 
original layout which will be introduced in the following.  
In order to increase the Q factor of the cavity, the losses need to be reduced. Considering the 
loss mechanisms in more detail, one finds that the spatial variation of the field distribution at 
the edges of the cavity requires a smooth transition instead of a sudden jump. It has been 
demonstrated that a Gaussian field profile centered at the defect will drastically suppress 
radiation losses[308]. This can be achieved by modifying the layout of the photonic crystal 
areas next to the defect. The holes at the extremities of the defect are slightly shrunken and 
shifted away from the defect[308]. In this way, the condition for the Bragg reflection from the 
cavity edge is altered. This reflection is a result of many partial reflections from all interacting 
surfaces. When the position of these surfaces is changed, the partially reflected fields are 
slightly out of phase. The resulting electric field profile inside the cavity transitions smoothly 
into the surrounding photonic crystal resembling the required Gaussian shape[311]. The 
second requirement that needs to be fulfilled regards the efficient coupling of light in and out 
of the cavity. As was pointed out in the previous section, this is a difficult task because the 
modal field distribution of the cavity is strongly confined and does not sufficiently match with 
modes in optical fibers, test waveguides or even free space. It is therefore necessary to modify 
the photonic crystal structure to confine the cavity’s radiation in the vertical direction in order 
to allow for efficient extraction with a microscope objective, for example. The respective 
modification can be deduced by examining how the near-field of the cavity mode in the 
reciprocal lattice is connected to its far field. Generally, radiation losses occur mostly for 
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fields having wavevectors that are situated above the light line. The far field emission, 
therefore, is governed by any near-field remnants above the light line. A photonic crystal 
cavity optimized for vertical emission requires a near-field distribution that is as close as 
possible to the border of the Brillouin zone, xk a    where a is the period. By adding a 
pattern with twice the period of the original structure to the given photonic crystal, the near-
field distribution is folded back with respect to 2xk a   . In this way, the original near-field 
is replicated at 0xk   leading to an enhanced vertical emission from the structure[311]. A 
schematic of the final structure is shown in Figure 37. 
5.3.2 Photonic crystal L3 cavities from bulk LiNbO3 
Photonic crystal L3 cavities were fabricated from bulk LiNbO3 by combining IBEE and FIB 
patterning. The process can be briefly summarized as follows. First, the LiNbO3 substrates 
were irradiated by helium ions forming a damaged buried layer. Next, FIB is used to define a 
pattern at the LiNbO3 surface reaching down to connect to the buried layer. In the final HF 
wet etching step, the ion-irradiation damaged layer is selectively removed through the 
patterned surface areas resulting in the formation of a freely suspended patterned membrane.  
Implementation of an optimized cavity design for enhanced vertical emission  
In order to allow for simple optical coupling to the fields inside an L3 cavity, the photonic 
crystal design needed to be optimized to attain predominant emission of light from the 
structure in the vertical direction. In the following, two cavity designs with [312] and without 
second lattice are presented. Both patterns will be compared regarding Q factor, field 
distribution and vertical emission.  
The tested structure was an L3 cavity having its defect line oriented perpendicular to the z-
axis of the x-cut LiNbO3 substrate. The hexagonal air hole lattice had a period of 559 nm with 
hole radii of 165 nm. The Q factor of the fundamental cavity mode was increased by 
modifying the two holes at the extremity of the cavity. They were shifted away from the 
defect by 129 nm and their radii were reduced to 150 nm. The second lattice was introduced 
by enlarging the radius of the holes to 210 nm in the primary lattice at twice the period around 
the defect, see Figure 37 for an illustration and Figure 38 for an SEM image. The photonic 
crystal patterns were fabricated in a LiNbO3 membrane of 425 nm thickness that was 
suspended 590 nm above the LiNbO3 substrate. The patterning was done by FIB (Zeiss, 
CrossBeam NEON60) in connection with the lithography system (Raith ELPHY Quantum). 
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The photonic crystal pattern is surrounded by a U-shape frame which is necessary to reduce 
the mechanical stresses in the membrane after the final wet etching. The stresses originate 
from a volume expansion that was caused by the helium ion irradiation. When the irradiated 
layer is etched, partially damaged material remains at the bottom of the membrane causing 
mechanical stresses and bending, see Figure 38 (c). These stresses, however, can be 
completely removed by thermal annealing in the end.  
 
Figure 37: Schematic of L3 cavity with second lattice and shrunken, shifted holes in line with the defect.  
 
Figure 38: Scanning electron microscope images of an L3 cavity patterned in a helium ion irradiated 
LiNbO3 substrate (a) with and (b) without second lattice. (c) Tilted view showing the framing structure 
around the deformed cavity directly after wet etching. (a)-(c) The period of the photonic crystals is 
559 nm.  
For two types of cavities (with and without second lattice), numerical simulations were 
conducted using the FDTD software MEEP[313] to find Q factors, resonance frequencies and 
field distributions of the first four TE-like cavity modes. The simulations included the three-
dimensional geometry and the material anisotropy. The results are summarized in the 
following table together with the results from the experimental characterization of the 
cavities.  
 Without second lattice With second lattice 
Mode 
number 
Resonance 
wavelength (µm) 
Q -factor Label 
Resonance 
wavelength (µm) 
Q -factor 
 
Label 
 calculated 
measured 
calculated 
measured 
 calculated 
measured 
calculated 
measured 
 
1 
1.4407 1550 
A 
1.4052 775 
a 
--- --- 1.3906 535 
2 
1.3684 130 
B 
1.3555 510 
b 
1.3648 104 --- --- 
3 
1.3470 235 
C 
1.3415 125 
c 
--- --- 1.3440 122 
4 
1.3376 143 
D 
1.3091 145 
d 
--- --- 1.3000 138 
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The cavities were optically characterized by the cross-polarized resonant scattering method, 
as introduced in section 2.4.3 [314]. Polarized light from a tunable laser source was focused 
on the cavity by a microscope objective with a numerical aperture (NA) of 0.65. The 
polarization direction of the incident light was set up to be 45° with respect to the 
crystallographic y-axis of LiNbO3. The optical signal emitted back from the surface was 
collected by the same objective and recorded by an InGaAs detector as a function of the 
wavelength of the in-coupled light. The resulting spectra are shown in Figure 39, where each 
resonance peak was fitted with a Lorentzian function. In contrast to the simulation which was 
predicting at least four cavity modes with reasonable Q factor in the investigated spectral 
range, the experiment showed fewer resonances. This behavior is especially expected for the 
cavity without second lattice that is not optimized for enhanced vertical emission. To fully 
understand the experimental findings, the collection efficiency of the experimental setup was 
included in the simulation. The efficiency is limited by the NA of the microscope objective 
and translates to a maximum acceptance angle for the detection. By Fourier transformation of 
the electric and magnetic fields of the cavities calculated several nanometers above the 
surface, the angular dependencies of the radiated powers were quantified. These calculations 
also took into account the acceptance angle for detection which is determined by the overlap 
of the far field radiation of the cavity and the Gaussian field profile of the microscope 
objective. Figure 39 illustrates the results and shows the power that radiates into an angle that 
corresponds to the NA of the microscope objective for all considered modes. All the modes 
marked in the upper half of the plot were detected experimentally. The other modes with 
normalized radiation powers below 10% could not be measured because of insufficient 
sensitivity of the detection combined with inefficient in- and outcoupling of radiation. From 
these findings it can be concluded that small modifications of the geometry of the photonic 
crystal cavity are crucial for the Q factor and the vertical emission of the modes. In 
accordance with the preceding explanations about the means to enhance vertical emission, it 
was experimentally verified that adding a second lattice indeed leads to an improved coupling 
of light from the top to the fundamental cavity mode and to higher order cavity modes. This 
behavior was further supported by numerical results that agree well with the experimental 
results. A more elaborate comparison of the two cavities with and without second lattice 
considering especially the band folding effect and giving further details about computational 
results is presented in [315] and is outside the scope of this work.  
5 Linear and nonlinear optical properties of microsized resonators 85 
 
 
Figure 39: Reflected scattered FH intensity spectra measured with crossed polarizations for L3 cavities 
(a) with and (b) without second lattice. The blue lines are the Lorentzian functions fitted to the 
experimental data. (c) Calculated power radiating from the L3 cavity in an angle corresponding to an NA 
of 0.65. All peaks are labelled according to the table. 
Characterization of nonlinear optical properties 
In this section, experiments are discussed that probe the nonlinear optical properties of the 
previously introduced L3 cavity with the second lattice. All of the following experiments 
were done with the fundamental cavity mode (label a) only. According to the simulation 
results summarized in the preceding table, the resonance wavelength of the fundamental mode 
of this cavity should be at 1405.2 nm with a Q factor of 775, while the measured resonance 
peak was slightly different having a resonance wavelength of 1390.6 nm and a Q factor of 
535. These minor differences can be explained by imperfections of the fabrication process. 
The influence of the second lattice can be observed from the calculated radiation 
intensity[309] shown in Figure 40. In the plot in Figure 40, the field distribution is normalized 
to the total radiation intensity in the upper and lower half spaces. The second lattice caused a 
concentration of the radiated fields in the center of the angular spectrum which corresponds to 
a vertical emission into a quite narrow cone. According to the calculations, a cone with an 
opening angle of 47° collected about 25% of the power radiated into the upper half space. The 
experimental characterization of the cavity was done using cross-polarized resonant scattering 
microscopy with a microscope objective having an NA of 0.65. The corresponding coupling 
efficiency to the mode inside the cavity can be calculated to be 29% for this configuration. 
From measuring the input signal, the cross-polarized reflected signal and considering the 
transmission of the optical setup, a coupling efficiency of 20% was estimated. The difference 
between both efficiency values can be attributed to imperfect overlap between the modes of 
the collection optics and the far field of the cavity.  
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Figure 40: Calculated angular radiation intensity pattern κ(ϕ,θ) of an L3 cavity with second lattice at the 
fundamental mode frequency. ϕ and θ are the azimuthal and polar angles, respectively. The white circle 
represents the maximum collection angle of a microscope objective with an NA of 0.65. (Figure from 
[316]: S. Diziain, R. Geiss et al., Appl. Phys. Lett. 103, 51117 (2013)) 
In order to study the nonlinear properties of the cavity, a dichroic mirror was inserted in the 
path of the back reflected light. The mirror reflected the SH signal and directed it to a silicon 
avalanche photodiode. To suppress any remaining FH signal, an additional filter was inserted 
in front of the detector. Spectra of the SH signals were recorded with the input field tuned 
around the FH fundamental mode resonance of the cavity and for three different polarization 
angles of the incident field (polarization parallel to y-axis with α=0°, parallel to x-axis with 
α=90°, and α=54°). The spectra are shown in Figure 41, they were normalized to the 
maximum photon count. The data was fitted with squared Lorentzian functions resulting in Q 
factors of ~480 for all measured peaks which is in good correspondence to the linear 
spectrum’s Q factor. The SHG efficiencies, i.e. the measured peak intensity, showed a strong 
dependency on the polarization direction of the incident FH light. The SHG process is most 
efficient for a polarization parallel to the z-axis of LiNbO3 (0°). The SH intensity can be 
expressed as follows 
   42 2SH NL, NL,y cosα sin αxI P P A B    (15) 
with 2 2 2NL, 0 22 0 31 NL,y 0 31 0 332ε 4ε and  2ε 4ε .x x x y x yP d E d E E P d E d E     The SH intensity is 
proportional to the polarization angle α and the squared second order nonlinear polarization. 
The nonlinear polarizations depend on the electric fields of the FH fundamental cavity mode, 
which are plotted in Figure 42. Although the x and y components of the electric field have a 
similar field strength, their emission behavior into the upper half space is very different. Both 
field distributions with the corresponding radiation patterns are plotted in Figure 42. The 
white circle indicates the microscope objectives’ NA of 0.65. From these plots, it can be 
concluded that using this objective, 60% of the radiation from the upper half space having a y-
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polarized electric field and only 8% having an x-polarized electric field can be detected. This 
relation eventually explains the strong polarization dependence of the measured SH signal.  
 
Figure 41: (a) Reflected scattered FH intensity spectra measured with crossed polarizations. (b) Generated 
SH as a function of the FH wavelength for different polarizations. The SH spectra are normalized to the 
maximum of the SH measured for α=0° (parallel to the crystallographic y-axis of LiNbO3). The solid 
lines are the Lorentzian and squared Lorentzian functions fitted to the experimental data. 
 
Figure 42: Angular radiation patterns of the x and y components of the electric field of the fundamental 
mode of an L3 cavity with a second lattice. The white circle represents the maximum collection angle of a 
microscope objective with an NA of 0.65. (Figure from [316]: S. Diziain, R. Geiss et al., Appl. Phys. Lett. 
103, 51117 (2013)) 
The dependence of the SH signal on different polarization angles of the incident light was also 
tested. The results are plotted in Figure 43, where the data were fitted with the quartic term in 
(15). Furthermore, the dependence of the SH power on the FH power was tested at the 
resonance frequency of the cavity (1390.6 nm). The results are plotted in Figure 43, where the 
data was fitted with a quadratic function. The good correspondence between the fit function 
and the data proved that a nonlinear effect of second order has been observed.  
The conversion efficiency of this process is defined as the ratio of SH power to coupled FH 
power. At a FH power of 53 µW, the efficiency amounts to 6.4∙10-9, which should be 
considered a lower estimate since a significant amount of radiated SH was not collected by 
the microscope objective. Comparing to L3 photonic crystal cavities that were reported for 
other materials, the conversion efficiency found in this work seems reasonable. For example, 
a cavity made from GaP with a Q factor of 6,000 showed a conversion efficiency of 5∙10-5 at a 
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FH power of 11 µW[317], whereas a cavity from InP with a Q factor of 3,800 had a 
conversion efficiency of just 1∙10-13 at 300µW coupled FH power [318]. The semiconductor 
substrates used in those works do not only have a higher refractive index than LiNbO3, which 
leads to better modal confinement and, therefore, higher Q factors, they also have larger 
second order susceptibilities. Any conclusion drawn from a quantitative comparison of the 
reported numbers therefore requires a careful interpretation.  
 
Figure 43: Generated SH at the fundamental mode resonance wavelengths plotted (a) as a function of the 
polarization angle of the input FH field and (b) as a function of the input FH power.  
However, it can be concluded that SHG with ultra-low pump power was demonstrated in an 
L3 photonic crystal cavity patterned in a free-standing LiNbO3 membrane. It was shown that a 
Q factor of 535 is already sufficient to allow for the enhancement of the SHG process. In 
order to improve the performance of the cavity, especially the conversion efficiency of the 
SHG, the photonic crystal design could be further optimized. Nonetheless, the presented 
results are, to the best of our knowledge, the first experimental demonstration of SHG in a 
LiNbO3 photonic crystal resonator. This work clearly shows the great potential of 
microstructured devices fabricated on the basis of LiNbO3 thin films for applications in non-
linear optics.  
5.3.3 Photonic crystal L3 cavities from LNOI substrates 
The realization of L3 cavities in LNOI substrates follows the fabrication process that was 
used for microdisk resonators before. The LiNbO3 layer at the top of a piece of z-cut LNOI 
substrate was thinned down to a thickness of 370 nm by means of IBE. It followed the 
patterning of the photonic crystal structure by FIB milling and selective wet etching of the 
SiO2 underneath the LiNbO3 layer at the top. In this way, similar to the helium ion irradiated 
substrates, free-standing patterned membranes were realized.  
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The defect of the L3 cavity was oriented along the crystallographic y-axis of LiNbO3. The 
lattice period was 530 nm with hole radii of 148 nm. To increase the Q factor, the holes at 
both ends of the defect were shrunk to a radius of 143 nm and shifted out by 122 nm. The 
vertical emission of the structure was enhanced by superimposing a second lattice with larger 
holes of 175 nm and twice the period. In this way, it was ensured that the TE-polarized 
fundamental cavity mode can be efficiently excited at normal incidence from the far field. A 
SEM image of the cavity is shown in Figure 44.  
 
Figure 44: Scanning electron microscope image of an L3 cavity fabricated in z-cut LNOI substrate, the 
defect is oriented parallel to the crystallographic y-axis. 
The optical properties of the cavity were characterized by cross-polarized resonant scattering 
microscopy. The setup allowed for detection of back-reflected light from the sample surface 
at FH and SH frequencies. Spectra that were recorded in the NIR wavelength range with an 
incident polarization of 45° with respect to the crystallographic axis are shown in Figure 45. 
A clear resonance peak was observed. Fitting the data with a Lorentzian function, the 
resonance wavelength was found to be 1356.0 nm with a width at half maximum of 2.0 nm 
corresponding to a Q factor of 678. These findings were compared with 3D-FDTD 
calculations that predict resonance wavelength of the fundamental cavity mode at 1362.8 nm 
with a Q factor of 1550.  
In principle, the free standing geometry of the presented structures is not necessary for planar 
light confinement because the refractive index contrast between the SiO2 layer and the 
LiNbO3 membrane allows for sufficient guiding. For comparison, calculations were made for 
the presented structure where the SiO2 film was still present resulting in a Q factor of only 
245. The free standing geometry therefore is crucial to improve the mode confinement inside 
the photonic crystal defect and to increase the Q factor.  
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Figure 45: Optical characterization of L3 cavity fabricated from LNOI substrates. (a) Reflected scattered 
FH intensity spectra measured with crossed polarizations. (b) Generated SH as a function of the FH 
wavelength. (c, d) Generated SH at the fundamental mode resonance wavelength plotted (c) as a function 
of the polarization angle of the input FH field and (d) as a function of the input FH field power. Solid 
line: fit with (a) Lorentzian, (b) squared Lorentzian, (c) cos4α and (d) quadratic function. Crosses: (a-d) 
experimental data. 
To study the nonlinear optical properties, the SH signal was recorded simultaneously with the 
linear signal at an incident polarization angle of 45°. The resulting spectra are shown in 
Figure 45(a, b). Fitting the data with a squared Lorentzian function yielded a resonance 
wavelength of 678 nm and a Q factor of 640 which is in good correspondence with the 
resonance properties of the FH fundamental cavity mode. The SH signal was further recorded 
as a function of the direction of the incidence polarization, see Figure 45(c). The data was 
well fitted with a cos4α function which is in good agreement with the anticipated radiation 
properties of the fundamental cavity resonance (see previous section). To give final proof that 
the observed SH signal originated from a second order nonlinear effect, the power 
dependence of the SH signal was measured. The data is presented in Figure 45(d). The 
expected quadratic increase of the SH signal as a function of the FH signal is clearly visible 
and confirmed by fitting a quadratic function. The conversion efficiency of the SHG from a z-
cut LNOI membrane was lower than for membranes from bulk x-cut LiNbO3 because the 
interaction of the electric field of the fundamental cavity mode could not be matched to the 
dominant components of the nonlinear susceptibility in the given crystal orientation of the 
LiNbO3 substrate. 
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In summary, the linear and nonlinear optical properties of L3 photonic crystal cavities made 
from z-cut LNOI substrates have been studied. The results are in good agreement with the 
theoretical modelling. The performance of the fabricated structure is generally comparable to 
the structure fabricated from bulk LiNbO3 substrates.  
5.3.4 Concluding comparison of bulk LiNbO3 and LNOI substrates for photonic 
crystal structures 
In the last two sections, the design and fabrication of L3 resonators in membranes made from 
helium ion irradiated LiNbO3 and LNOI substrates were presented. The optical properties of 
both structures were found to be comparable. Also in terms of patterning technology, both 
types of substrates have to be treated similarly. Nonetheless, LNOI offers certain advantages 
compared to helium ion irradiated samples. When using LNOI substrates, the height of the air 
gap between the LiNbO3 layer at the top and substrate is governed by the thickness of the 
SiO2 film. LNOI substrates are sold with SiO2 thicknesses above 1 µm which is already 
enough to almost fully suppress losses that originate from coupling of light guided in the top 
LiNbO3 layer to the substrate[180]. In case of the helium ion irradiated substrates, the height 
of the air gap is determined by the maximum energies supplied by the ion beam irradiation 
facility and is limited to about ~500 nm for this work. Although this air gap height is still 
sufficient to realize the proposed device functionalities, it always presents a source of 
additional losses[180]. The influence of the substrate therefore needs to be accounted for in 
the numerical modelling which further complicates the design process.  
Another advantage of using LNOI substrates is the absence of mechanical stresses in the 
membranes. Patterned membranes that are fabricated in helium ion irradiated substrates have 
a tendency to bend because of the remaining irradiated material that was not removed by wet 
etching, which causes a slight volume expansion at the bottom of the membrane. Although 
these stresses can be removed from the crystal by thermal annealing, they need to be 
considered in the pattern layout otherwise the membrane will crack and destroy the structure. 
In the case of LNOI substrates, such measures are unnecessary which makes their patterning 
less complicated.  
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5.4 Nanobeam cavities 
Nanobeam cavities are a conceptual continuation of the topic of nanoscale waveguides with 
the waveguides being periodically patterned along the propagation direction. Such a pattern 
can be regarded as a one-dimensional photonic crystal and it can be designed to allow for 
various optical functionalities, including optomechanics[319], single quantum dot 
coupling[320], lasing[321] and sensing[322]. Especially interesting in the context of this work 
is the interaction of the one-dimensional periodic pattern with the optical nonlinearity of 
LiNbO3 which could be used, for example, to design the phase-matching condition of a 
nonlinear interaction. The introduction of a defect into these periodic patterns leads to the 
localization of light, representing a cavity[323]. A typical design is a suspended waveguide 
with a height of 475 nm and width of 710 nm. Along the waveguide, holes with a radius of 
166 nm are arranged with a period of 593 nm, see Figure 46. The central hole is omitted and 
forms the defect. Similar to the two-dimensional design consideration discussed for the L3 
cavity, the transition of the electric field of the cavity mode needs to be rather smooth in order 
to increase the Q factor[324]. It is also possible to superimpose a second lattice for enhanced 
vertical emission, although this may not be required for this type of cavity. These cavities 
could be conveniently integrated in ridge waveguides allowing simple access through 
standard fiber coupling techniques.  
 
Figure 46: Schematic of nanobeam cavity for fabrication in a LiNbO3 ridge.  
During this work, an initial design for nanobeam cavities has been developed. According to 
this design, a set of samples was fabricated from bulk LiNbO3 and LNOI substrates using 
direct FIB milling and subsequent wet etching. An SEM image of such a structure is shown in 
Figure 47. The dimensional accuracy is very good and the designed optical properties can be 
expected. However, the optical characterization of these samples has not been performed, yet. 
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Figure 47: (a) Scanning electron and (b) optical microscope images of a LiNbO3 nanobeam cavity made 
from LNOI substrates, the period is 593 nm. (b) The bright line in the center is the nanobeam cavity with 
the rectangular openings next to it, the underetched area is notably brighter than the unetched parts.  
Chapter summary 
In this chapter, several implementations of microsized optical resonators were presented 
including general design considerations, fabrication and optical characterization. While most 
parts of this chapter were dedicated to the study of photonic crystal based resonators, the 
chapter started with the introduction of the comparatively large microdisk resonators having 
diameters in the order of tens of micrometer. These microdisks were directly patterned by FIB 
in LNOI substrates. The optical characterization revealed Q factors as large as 100,000. Being 
the continuation of the photonic crystal waveguide structures presented in chapter 4, a 
waveguide resonator design was realized by IBEE in bulk LiNbO3 substrates followed by the 
characterization of its linear optical properties. Subsequently, the photonic crystal design was 
further advanced to an L3 type of cavity which is optimized for higher Q factors and 
enhanced vertical emission to simplify the optical characterization. The respective patterning 
was done directly by FIB in LNOI and helium ion irradiated LiNbO3 substrates. The 
resonators were optically characterized and showed efficient SHG. In the following section of 
this chapter, nanobeam cavities were presented. They consisted of a one-dimensional photonic 
crystal along a nanoscale ridge waveguide and were fabricated by FIB in LNOI substrates. In 
contrast to L3 cavities, their advantageous design generally allows for the direct integration in 
planar optical circuitry. It is common to all presented resonator configurations that a high 
dimensional accuracy is required in order to achieve high Q factors. In this chapter, an 
overview of several different implementations of microsized resonators along with their 
individual advantages and limitations was given, where particularly the performance of the L3 
photonic crystal cavities was most promising. The results of the optical characterizations 
prove that the required accuracy has been achieved. This will be the basis for the design and 
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realization of more complex optical structures to strongly confine optical fields to small 
volumes for a highly efficient enhancement of nonlinear interaction processes. 
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6  Summary and conclusions 
The intention of this thesis was the realization of micro and nanoscale optical elements made 
from LiNbO3 for applications in integrated nonlinear optics. LiNbO3 was chosen as substrate 
material because it is already well-established and widely used in this area. Following a trend 
of miniaturization, patterning techniques for LiNbO3 are wanted that are compatible with 
modern micro and nanofabrication technologies. This condition is rather demanding because 
LiNbO3 is chemically very stable and cannot be patterned by means of standard dry etching 
with sufficient quality.  
In this regard, extensive studies about general ion beam irradiation induced effects in LiNbO3 
and particularly about structuring of LiNbO3 by ion beam enhanced etching (IBEE) have been 
conducted at the Institute of Applied Physics of the University Jena by others, before this 
thesis work was commenced. It was the aim of this thesis to resume and further advance these 
studies and to apply the results to the patterning of LiNbO3. For this purpose, basic optical 
elements were identified and designed for fabrication and optical characterization. It is 
common to all these elements that they rely on planar waveguiding structures with a lateral 
pattern being specific to the respective optical function. The planar waveguiding can be 
realized using LiNbO3 membranes from either helium ion irradiated bulk LiNbO3 substrates 
or commercially available lithium-niobate on insulator (LNOI) substrates. Generally, LNOI 
offers many advantages compared to the helium ion irradiated substrates which makes it a 
convenient basis for many targeted application. Nonetheless, because LNOI contains a SiO2 
layer, it is not fully compatible with the established HF based IBEE process. A large portion 
of this thesis therefore was devoted to the study of the etching of ion beam irradiated LiNbO3 
in different wet etching solutions. The experimental investigation of the underlying etching 
mechanism eventually led to the development of new processes suitable for the patterning of 
LiNbO3 and LNOI. Amongst other hydroxide based etchants, KOH was found to be the most 
suitable alternative for HF in the IBEE process. Especially the dependence of the etch rate on 
the normalized fluence of the ion irradiation showed a selectivity which is similar to the HF 
based IBEE and which makes the effect applicable to nano and microfabrication.  
IBEE based processing is generally useful for lithography based patterning tasks. In situations 
where short processing times are needed and large area patterning is unnecessary, focused ion 
beam (FIB) milling is a valuable tool. Lots of the patterning tasks that are covered by IBEE 
could be transferred to or combined with direct FIB patterning. In this way, predefined 
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membrane substrates (LNOI or helium ion irradiated LiNbO3) have been patterned at the 
surface by FIB and subsequently underetched by a suitable etchant. For the patterning tasks 
involved in this thesis, a gallium ion FIB process was developed. Particularly the influence of 
gallium ion contaminations in LiNbO3 after FIB milling on the dimensional accuracy of the 
structures was investigated and considered in the final process.  
It can be summarized that the experimental studies about ion beam induced effects on LiNbO3 
etching, which represent an essential part of this thesis, resulted in the development of a set of 
novel, well adapted patterning processes. The remaining part of this thesis is based on these 
processes which enable the realization of the targeted nano and microsized integrated optical 
elements. These elements were designed to strongly confine either propagating optical modes 
in waveguides or resonator modes in optical cavities. Conceptually, the efficiency of 
nonlinear interaction processes in waveguides and in resonators can be significantly enhanced 
compared to bulk processes which is beneficial for their general usability.  
In order to experimentally verify the anticipated enhancement in the beginning, wire-type 
LiNbO3 waveguides were designed and fabricated. The dimensions of the waveguides were 
chosen to enable phase-matching using the modal dispersion of the propagating fundamental 
harmonic (FH) and second harmonic (SH) fields. To this end, two different kind of wire-type 
waveguides were fabricated.  
The first kind of waveguide was freely suspended and completely underetched. A large 
number of these waveguide types was patterned by electron-beam lithography (EBL) and was 
transferred into the bulk LiNbO3 substrate by HF based IBEE. The IBEE process included a 
helium ion irradiation which was responsible for the formation of an air gap underneath the 
final wire-type waveguides. The resulting waveguides were several micrometer long with 
widths down to 50 nm. A complete simulation of the ion irradiation and etching processes 
enabled the prediction of the final cross-sectional shape of the waveguide, which added a new 
degree of freedom to the optical design. For the optical characterization, the waveguides were 
detached from the LiNbO3 substrate by sonication in a fluid and pipetted on a neutral glass 
substrate. The optical characterization of the waveguides showed efficient second harmonic 
generation (SHG) from a FH pump with ~800 nm wavelength. Because the fabrication 
process is based on EBL, it allowed for the patterning of very large areas of well-defined 
waveguides. When the waveguides are suspended in a liquid they can be considered a 
deterministic counterpart of chemically synthesized LiNbO3 nanowires. Such chemically 
synthesized nanowires have been used already for imaging applications in biology for local 
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light conversion and delivery. The fabricated deterministic wire-type waveguides can be 
potentially used in a similar way. The SHG intensity of the waveguides was sufficient for 
fluorescence excitation of dyes with FH intensities below the cell damage threshold, which is 
required for the successful application in biology. In summary, the waveguide’s fabrication 
and optical functionality were investigated, showing the expected nonlinear optical properties. 
The freestanding geometry through the helium ion irradiation was necessary to achieve planar 
light guiding. The arrangement and handling of the waveguides proved to be beneficial 
particularly for the potential exploitation of applications in biology. Nonetheless, with respect 
to integrated optics further ridge waveguide designs incorporating LNOI were advanced 
additionally.  
This second type of waveguides was also fabricated by EBL and KOH based IBEE on LNOI 
substrates. In contrast to the previous design, the LNOI waveguides remained attached to the 
substrate surface. The planar waveguiding was accomplished by the refractive index contrast 
between the patterned top LiNbO3 layer and the underlying SiO2 layer. In this way, 
waveguides with width down to 200 nm were realized and optically characterized, showing 
efficient phase-matched SHG.  
In order to add more degrees of freedom to the relatively simple ridge waveguide, photonic 
crystal based waveguide designs have been investigated for potential improvements and 
future applications like slow light enhancement of nonlinear effects or light localization. In 
particular, a W1 photonic crystal waveguide was fabricated by EBL and HF based IBEE in a 
freestanding LiNbO3 membrane. From the experimentally obtained optical near-field images 
of the waveguide, Bloch wave vectors were identified and a transmission spectrum was 
retrieved. The experimentally studied linear properties of these waveguides corresponded well 
to numerical results which is promising for the development of more advanced photonic 
crystal based structures, such as resonators.  
Consequently, based on a W1 photonic crystal waveguide, a resonator was designed by 
adiabatically changing the hole diameters adjacent to the line defect. The resonator was 
fabricated by EBL and HF based IBEE. The optical characterization confirmed the designed 
linear optical properties. Nonetheless, the general device geometry led to inherently high 
losses which complicated the optical characterization as well as the potential integration of the 
resonator in an integrated optical circuit. Therefore, a photonic crystal L3 cavity was designed 
having a higher quality factor and an enhanced vertical emission. In this way, the light 
scattered from the cavity is confined in a narrow cone which can be collected efficiently from 
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the top using a microscope objective. These optimized L3 cavities were fabricated using FIB 
in both, helium ion irradiated LiNbO3 and LNOI. The optical characterization using a cross 
polarized scattering microscope demonstrated efficient SHG at the cavities resonance 
frequency. Furthermore, numerical studies of the linear modal properties were conducted and 
experimentally verified. In summary, the presented L3 cavities proved to be useful resonator 
structures for the investigation of nonlinear optical effects. With respect to applications in 
integrated optics, the cavity design could be further advanced by patterning a one-dimensional 
photonic crystal in a wire type waveguide, forming a nanobeam cavity. Compared to other 
designs, significantly higher quality factors are expected from these structures. An initial 
design was realized by FIB in an LNOI substrate in order to prove the general feasibility of 
the proposed nanobeam cavity. These cavities will be further investigated experimentally and 
theoretically in the future. Aside from photonic crystal based resonators, also a more 
established resonator design was realized in this thesis. Microdisk resonators with diameters 
of several tens of micrometers were patterned in LNOI substrates by FIB. Their optical 
characterization yielded quality factors that are comparable to the reported state of the art.  
In conclusion, a number of nano and microstructured optical elements in LiNbO3 have been 
realized. While some of these elements were merely proving concepts of preliminary 
theoretical work, most of the elements underwent a full optical characterization that verified 
their designed optical properties. The presented structures provide numerous functionalities 
that are beneficial for their use as basic building blocks in future nonlinear integrated optical 
circuits. In the course of this thesis, a comprehensive investigation of the individual elements 
was conducted. It is the task of ongoing research to combine these elements with each other or 
to identify means to integrate them in commonly used photonic platforms such as silicon. 
With respect to the patterning of LiNbO3, the important field of domain engineering of the 
LiNbO3 crystal has not yet been incorporated in the presented processes. Since the presented 
optical elements have typical dimensions of only few micrometers, classical electric field 
poling of coarse domain patterns with dimensions down to 10 µm and poling depths of 
several 100 µm should be replaced by processes suitable for sub-µm domain sizes. Future 
research shall hence be devoted to the investigation of process like direct surface poling of 
LiNbO3 membrane substrates to add another degree of freedom to the design process and the 
overall functionality of future devices.   
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List of abbreviations 
AFM  Atomic force microscope 
APE  Annealed proton exchange 
CVD  Chemical vapor deposition 
cw  continuous wave 
EBL  Electron beam lithography 
EDX   Energy dispersive X-ray spectroscopy 
EMCCD Electron-multiplied charge-coupled device 
FDTD  Finite-difference time-domain 
FH  Fundamental harmonic 
FIB  Focused ion beam 
HIM  Helium ion microscope 
IAP  Institute of Applied Physics 
IBE  Ion beam etching 
IBEE  Ion beam enhanced etching 
ICP  Inductively coupled plasma 
LNOI  Lithium niobate on insulator 
NIR  Near infrared 
OL  Optical lithography 
PECVD Plasma-enhanced chemical vapor deposition 
PVD  Physical vapor deposition 
RIBE  Reactive ion beam etching 
RIE  Reactive ion etching 
SEM  Scanning electron microscope 
SFG  Sum frequency generation 
SH  Second harmonic 
SHG  Second harmonic generation 
SNOM Scanning near-field optical microscope 
TE  Transverse electric 
THG  Third harmonic generation 
TM  Transverse magnetic 
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Zusammenfassung 
Ziel der Arbeit war die Herstellung mikro- und nanostrukturierter optischer Elemente aus 
LiNbO3 für Anwendungen in der integrierten nichtlinearen Optik. Die zur Strukturierung 
angewandten Prozesse sollten dabei mit etablierten Mikrostrukturtechnologien kompatibel 
sein, was dadurch erschwert wurde, dass LiNbO3 mit üblichen Trockenätzverfahren nur 
ungenügend gut strukturiert werden kann. Ionenstrahlverstärktes Ätzen (IBEE) von LiNbO3 
ist ein Strukturierungsverfahren, das diese Einschränkungen nicht besitzt und für die 
Herstellung von Mikrostrukturen mit vertikalen Seitenwänden und hohem Aspektverhältnis 
gut geeignet ist. Zum IBEE Verfahren gab es wesentliche Vorarbeiten, die im Rahmen dieser 
Arbeit fortgeführt und zur Herstellung verschiedener optischer Elemente angewandt wurden. 
Die Auswahl der optischen Elemente beschränkte sich auf Wellenleiter und Resonatoren, die 
auf Basis einer wellenleitenden Schicht oder Membran ausgeführt waren. Die Membranen 
wurden durch Heliumionenbestrahlung von LiNbO3 mit anschließendem Nassätzen oder aus 
LiNbO3-Dünnschichtsubstraten (LNOI) gewonnen.  
Im ersten Teil der Arbeit wurde das Ätzverhalten von ionenbestrahltem LiNbO3 in 
verschiedenen Hydroxidlösungen untersucht, was schließlich zur Entwicklung eines IBEE 
Prozesses auf Basis von KOH führte. Im Vergleich zum ursprünglich HF basierten IBEE 
Prozess ist KOH mit LNOI Substraten kompatibel, da KOH die SiO2 Zwischenschicht des 
LNOI Substrats nicht angreift. Insbesondere der Zusammenhang zwischen der Ätzrate von 
ionenbestrahltem LiNbO3 in KOH und der normierten Fluenz der Ionenbestrahlung zeigte 
eine hohe Selektivität, die mit dem HF basierten IBEE Prozess vergleichbar und in der 
Mikrostrukturtechnik anwendbar ist. Während der IBEE Prozess in Verbindung mit 
Lithographie für die Strukturierung größerer Flächen geeignet ist, ist die direkte 
Strukturierung von LiNbO3 mit einem fokussierten Ionenstrahl (FIB) zur 
Prototypenentwicklung auf kleinen Flächen weit verbreitet. In dieser Arbeit wurde deshalb 
ebenfalls untersucht, wie LiNbO3 Membranen mittels FIB strukturiert werden konnten. Dabei 
wurde herausgefunden, dass Verunreinigungen durch Galliumionen die Maßhaltigkeit des 
Prozesses beeinträchtigen.  
Im zweiten Teil der Arbeit wurden die beschriebenen Strukturierungsmethoden für die 
Herstellung verschiedener Wellenleiter und Resonatoren angewendet. Ziel dabei war es, 
Strukturen zu realisieren, die Licht zur Verstärkung optisch nichtlinearer Wechselwirkungen 
in Resonator- oder Wellenleitermoden auf sehr kleine Wechselwirkungsbereiche 
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konzentrieren. Dies wurde experimentell wurde durch nanoskalige Rippenwellenleiter 
umgesetzt, deren Querschnittsfläche so gewählt war, dass eine zweite Harmonische (SHG) 
phasenangepasst durch Ausnutzung der Wellenleitermodendispersion erzeugt werden konnte. 
Die Wellenleiter wurden sowohl freischwebend, in Flüssigkeit verteilt und mit dem Substrat 
verbunden hergestellt. Die Untersuchung der linearen und nichtlinearen optischen 
Eigenschaften belegte insbesondere, dass SHG phasenangepasst und effizient erzeugt werden 
konnte. Als weitere Variante eines Wellenleiters mit kompaktem Modenfelddurchmesser 
wurde ein W1 Wellenleiter als Liniendefekt eines photonischen Kristalls in einer 
freischwebenden LiNbO3 Membran mittels IBEE hergestellt. Mit Hilfe optischer 
Rasternahfeldmikroskopie konnten Bandstruktur und Transmissionsspektrum dieses 
Wellenleiters ermittelt werden. Es zeigte sich gute Übereinstimmung mit Simulations-
rechnungen, die eine konzeptionelle Weiterentwicklung hin zu Wellenleiterresonatoren 
ermöglichte. Durch graduelle Veränderungen der Lochdurchmesser entlang des Liniendefekts 
konnte hierbei die Lokalisierung des optischen Feldes in einer resonanten Struktur erreicht 
werden. Die erwarteten linearen optischen Eigenschaften wurden experimentell bestätigt. 
Durch die intrinsisch hohe Wellenleiterdämpfung war ein Nachweis nichtlinearer Effekte im 
Wellenleiterresonator nicht möglich, weshalb der Übergang zu Punktdefekten erfolgte. 
Mittels FIB wurden verschiedene L3 Resonatoren aus photonischen Kristallen hergestellt und 
optisch charakterisiert. Die Resonatoren wurden dabei so entworfen, dass sie vorrangig 
vertikal abstrahlten, um die SHG Messung zu ermöglichen. Weitere Resonatorgeometrien, die 
im Rahmen dieser Arbeit untersucht wurden, waren Nanobeam- und Mikrodiskresonatoren.  
Insgesamt wurde eine Reihe nano- und mikrostrukturierter optischer Elemente aus LiNbO3 
untersucht. Während einige Strukturen lediglich konzeptionelle Vorarbeiten für 
weiterführende Untersuchungen waren, wurde die Mehrzahl der untersuchten Elemente 
vollständig optisch charakterisiert und eine gute Übereinstimmung mit den erwarteten 
optischen Eigenschaften erzielt. Die untersuchten Elemente können als Grundbausteine 
zukünftiger nichtlinearerer, integriert-optischer Systeme erachtet werden, die auf Basis der 
präsentierten Verfahren zur Mikrostrukturierung von LiNbO3 stetig weiterentwickelt werden. 
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